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Summary
This study focused on fabrication of cost-effective and flexible polymer
nanostructured substrate for Bio- and Magnetic applications.
Firstly, we reported results of synthesis of nanostructures on low cost, off the
shelf, office transparency sheet substrates made of polyethylene terephthalate (PET)
by using interference lithography (IL) and plasma etching techniques.
Nanostructures were first created using O2 plasma. The etching was chemical and
isotropic. This method was only successful in creating nanogrooves. Nanostructures
with higher aspect ratio such as nanopillars were fabricated using Ar sputter etching.
Ar sputter etching was physical etching and more anisotropic with a DC biased
applied. Influence of chemical and physical etching mechanisms on the synthesis of
nanostructures were discussed. In sputter etching, photoresist (PR) was used as
etching mask. The etch selectivities of PR and PET were similar so that the height
of the achieved nanostructures was limited by the height of the PR. Aluminum hard
mask with lower etch selectivity was used to further increase the aspect ratio of the
fabricated nanopillars.
Secondly, we focused on the study of neurite outgrowth on nanostructured
substrates. The experiments were first carried out on Si based nanostructures. We then
demonstrated the fabrication of polyimide nanogrooves using Si nanogrooves as the
master for the study. Eventually, nanogrooves fabricated on PET substrates were used
for neurite outgrowth. With the PET nanogrooves, we examined the role of
xMicroRNAs (miRNAs) in the outgrowth of neurites guided by topological cues. The
less costly and transparent nature of the polymer substrates poses advantages over
silicon substrates. With the supply of large quantity of cheap, large area of uniformly
patterned PET substrates, we were able to carry out the investigation on the
participation of microRNAs on directed neuronal growth of cells. Three microRNAs
were identified to affect the neurite guidance.
Lastly, we reported the fabrication and characterization of the Co/Pd film and
Co/Pd nanodisc arrays on flexible and transparent PET substrates. The nanodisc
arrays were patterned using the interference lithography (IL). The magnetic properties
of the Co/Pd multilayer films and nanodisc arrays were characterized using the polar
magnetic-optical Kerr effect (MOKE). The effects of surface roughness of the PET
substrate and the reflective gold (Au) layer on top of the PET substrate on the
magnetic properties of the films and nanodisc arrays were systematically investigated.
We carried out investigation of the effect of stress on Co/Pd film and nanodisc arrays
on PET substrate.
In conclusion, the findings in this thesis added to the knowledge of fabrication
of polymer nanostructures. The applications on directed neurite cell growth and
flexible magnetic device demonstrated the diverse applications of polymer materials
and provided ground work for future studies.
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Over the past few decades, researchers are amazed and fascinated by
nanostructured materials as they exhibit interesting properties which can be different
from the bulk material [1]. For example, Si nanowires exhibit a significant size
dependence of their optical and electrical properties [2-5] and are attractive for
applications in field-effect transistors [6, 7], inverters [8], light-emitting diodes [9],
nanoscale sensors [10], photovoltaic devices [11] and photodetectors [12]. Carbon
nanotubes (CNTs) can have good electrical, thermal properties and mechanical
strength [14-16] and are considered to be promising candidates for field emission
displays, bio-sensors [17], energy storage devices [13], and photonic devices [18, 19].
Quantum dots (QDs) exhibit good photonic and electronic properties and found
interesting applications in QD laser, biological labels and biosensors [20]. Magnetic
nanoparticles have been developed for advanced data storage devices [21].
As a branch of nanotechnology, polymer nanostructures have gain increasing
interests in recent years. Polymer substrates are flexible, transparent, biocompatible
and cost effective. Polymer nanostructures are used in exciting areas such as photonic
[22, 23], magnetic [24, 25] and biomedical [26, 27] applications. For examples,
non-volatile memory arrays made use of organic transistors were realized on flexible
plastic as flexible sensor arrays [28], polymer-based flexible solar cells have reported
2improved power conversion with increased donor–acceptor interfacial area by
patterning electron donor and acceptor layers [22], polymer diffraction gratings
fabricated on stimuli-responsive hydrogel surfaces can optically sense the variation of
solution pH that can be extended to sense the ionic strength and other analytes in
solutions [23], and giant magnetoresistance (GMR) sensors fabricated on flexible
polymer substrates were used to detect magnetic particles in microfluid channel
[29,30].
1.2 Motivation
In recent years, there are increasing research efforts on the fabrication and
application of polymer nanostructures. Researchers have explored various methods to
fabricate desired nanostructures using polymer materials for a wide range of
applications. The fabrication techniques for nanostructures can be generally divided
into two groups as top-down and bottom-up approaches [31]. The top-down approach
is a subtractive process which fabricates nanostructures by material removal from a
bulk material. Lithography methods are used to pattern nanoscale structures. Then
etching is applied to fabricate the desired structures. On the other hand, in the
bottom-up approach, the nanostructures are assembled through interactions between
molecules or colloidal particles. Note that the top-down fabrication is usually
associated with high costs and process time, and the bottom-up approach lacks the
ability to precisely control the shape and locations of the nanostructures. Besides the
3top-down and bottom approaches, polymer nanostructures can be fabricated using
nanoimprinting and nanomolding methods.
Polymer nanostructures have a wide range of biomedical applications such as
immunoassay chips [32], cell stimulation [33], cell behaviors on nanostructured
surfaces [34] and to pattern proteins with nanoscale resolution [26]. Research in
biomedical fields often requires observations made after numerous experiments and
hence, methods to produce larger quantities of polymer nanostructures cost effectively
are needed. Besides the biomedical applications, flexible magnetic devices are also
currently of great interests. Flexible magnetic devices are very attractive in the
application of detecting magnetic field in arbitrary surface, non-contact actuators,
microwave devices and magnetic memory, and polymer based magnetic devices are
desirable due to the stretchable, biocompatible, light-weight, portable, and low cost
properties of polymer [35-38].
1.3 Objectives
The objective of this study can be divided into three parts. Firstly, this study
focuses on the large-area synthesis of nanostructures on polymer, especially
Polyethylene Terephthalate (PET) surface with controlled dimension and location.
A fabrication method combining the interference lithography and plasma etching to
4create PET nanostructures is proposed. We also examine the plasma etching
mechanism of PET using our fabrication method.
The second objective of this study is to use polymer nanostructures as a
cost-effective substrate for the directed neuronal growth study. We first explored
using Si substrates in the study and then progressed to the use of polyimide substrates.
The polyimide substrates were fabricated by the casting mold method with Si-based
master and PDMS as the mold. Subsequently, the PET substrates were used as a better
candidate to replace the polyimide substrates for the investigation of the effect of
geometry and microRNA on directed neuronal growth study.
Lastly, the PET substrates were used for the fabrication of cobalt-palladium
(Co/Pd) nanodisc arrays. This work investigates the effect of surface roughness of the
PET substrate and the grain size on the magnetic properties of the Co/Pd multilayer
films and nanodiscs.
1.4 Organization of thesis
This thesis is organized into five chapters and three appendices.
Chapter 2 provides the literature review on nanofabrication techniques of
polymer materials and reports the results of the fabrication of PET nanostructures by
the laser interference lithography and plasma etching techniques. The fabrication of
PET nanogrooves by O2 plasma etching will be introduced first. The effects of plasma
power and chamber pressure will be discussed and the failed attempts to fabricate
5PET nanopillars will be demonstrated and explained. Results on the fabrication of
nanostructures using Ar sputtered will then be presented. Lastly, the results on the
fabrication of high aspect ratio nanopillars using Al mask will be presented.
Chapter 3 provides the literature review on the use of polymer nanostructures
in biomedical applications and presents results on the use of polymer nanostructures
for directed neuronal growth study. Fabrication of Si, polyimide and PET
nanogrooves will be demonstrated together with the neurite growth studies using such
substrates. Lastly, we report the study of effects of microRNAs in directed neurite
growth on PET substrates.
Chapter 4 provides a literature review on flexible magnetic devices and
describes the fabrication of Co/Pd nanodisc arrays on PET substrate. The effects of
surface roughness and grain size of the PET substrate and the reflective gold (Au)
layer on top of the PET substrate on the magnetic properties of the films and nanodisc
arrays will be discussed.
Chapter 5 provides a summary of the accomplishments of this project and
recommendations for future work.
Appendix 1 describes in detail the experimental procedures employed in this
study. Appendix 2 describes techniques used in the MicroRNA studies. Appendix 3
provides a list of publications from this work.
6Chapter 2 Synthesis of Polyethylene Terephthalate
Nanostructures
2.1 Introduction
Current techniques to create nanostructures can be generally divided into the
“top-down” and “bottom-up” approaches [31]. The top-down approach uses various
lithography methods to pattern nanostructures or place catalysts on substrate surface
followed by etching or growth by chemical vapor deposition method. This approach
allows the fabrication of precisely located nanostructures of fairly large surface areas
but is usually associated with the high equipment and operating costs, and limited
accessibility of the necessary facilities. The bottom-up approach exploits the
interactions between molecules or colloidal particles to assemble discrete nanoscale
structures. This approach has the advantages of cheaper set-up and operating costs
and ease of use, but cannot offer the accuracy in producing very precisely located
nanostructures produced by the top-down techniques.
Our research group has attempted to address the various issues of the two
approaches and arrived at two solutions. We demonstrated that one can combine the
top-down and bottom approaches for the in-situ production and placement of metal
nanoparticles on silicon (Si) wafer [39]. The top-down component here made use of
the laser interference lithography (IL) to define the location of the nanoparticles and
the bottom-up component involved the nucleation and agglomeration of thin metal
7(e.g., Au or Ni) films [40, 41]. This method has been used to synthesize very precisely
distributed carbon nanofibers or nanoneedles on Si substrate using the plasma
enhanced chemical vapor deposition technique with Ni catalysts [42, 43]. The
second method used the IL and metal assisted chemical etching (MACE) technique
to create precisely shaped nanostructures without resorting to complicated lithography
(e.g., e-beam lithography) and etching (e.g., deep reactive ion etching) techniques
[44]. With this method, one can create Si nanostructures that are perfectly periodic
over very large areas (1cm2 or more) over which the cross-sectional shapes and the
array ordering can be varied [44, 45].
In recent years, fabrication of nanostructures on polymer substrates has
become a very interesting research topic. Polymer substrates are flexible, transparent,
biocompatible and cheap. These nanostructures have been used in many different
areas, including photonic devices [22, 23, 46], microfluidic systems [47], biomedical
studies [26, 27, 48], capture and release systems [49] and magnetic data storage
devices [24, 25]. For instances, non-volatile memory arrays made use of organic
transistors were realized on flexible plastic as flexible sensor arrays [28],
polymer-based flexible solar cells have seen improved power conversion with
increased donor–acceptor interfacial area by patterning electron donor and acceptor
layers [22], polymer diffraction gratings fabricated on stimuli-responsive hydrogel
surfaces can optically sense the variation of solution pH, which can be extended to
sense the ionic strength and other analytes in solutions [23], and high resolution
8gratings were fabricated for the application of polymeric optical waveguide devices
[24]. All these examples show the unique and promising opportunities brought about
by polymer-based nanostructures.
In this chapter, we report results of synthesis of nanostructures on
polyethylene terephthalate (PET) substrate by IL and plasma etching techniques. The
influences of chemical and physical etching mechanisms on the synthesis of
nanostructures (e.g. nanogrooves, nanopillars and nanofins) will be examined in detail.
We will show that our method is desirable due to the simplicity and low cost of the
fabrication process for the production of periodic nanostructures of different shapes
and dimensions in large area (1 cm2).
2.2 Literature Review
The “top-down” fabrication approaches of nanostructures usually utilize
lithography methods to pattern nano-sized features on substrate surface followed by
different etching techniques. Common lithography methods used are electron-beam
lithography (EBL) [50], interference lithography (IL) [51], block copolymer
lithography [52, 53], nanoimprinting lithography (NIL) [54], nanosphere lithography
[55, 56] and nanoparticle dispersion masking [57]. Reactive ion etching (RIE), deep
reactive ion etching (DRIE), plasma etching and wet chemical etching are often used
as etching process. The bottom-up approach exploits the interactions between
9molecules or colloidal particles to assemble discrete nanoscale structures such as the
vapor-liquid-solid (VLS) growth [58] of Si nanowires [59-62].
However, these existing techniques have certain drawbacks such as process
complexity [50-55], high cost [50, 51, 59-62], long process duration [50], requirement
for specific chemicals [50-55] and high process temperatures [59-62] which is
unsuitable for polymer materials. There have also been reports where nanostructures
were etched on polymer surface using plasma etching alone without etching mask
[63-68]. Fernandez et al. [63] and Teshima [65] used O2 plasma to etch PET substrate.
Figure 2.1 Shows the SEM image of the PET nanostructures. According to Teshima,
the plasma roughing of the polymer surfaces was expected, but the mechanisms





Figure 2.1 SEM images of PET nanostructures etched in O2 plasma (A) for different
durations with power fixed at 100W [63] and (B) at different plasma power for 10
min [65].
Popova et al. deposited polyimide thin films by evaporation in vacuum and
used RIE etching with CF4/O2 gas mixture to fabricate polyimide nanostructures [69].
While the untreated vapor phase deposited polymer surface was smooth and
featureless, grass-like nanostructures were formed on the surface etched in
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oxygen-rich mixtures. Geim et al. made use of EBL and RIE to fabricate nanopillars
directly on a polyimide (PI) film [70]. A 5μm thick polyimide film was prepared on
top of a silicon wafer. Thermally evaporated aluminum film was patterned by EBL
and lifted off to form aluminum disks which acted as etching mask in oxygen plasma.
Figure 2.2 shows the as fabricated PI pillars.
Figure 2.2 SEM image of polyimide pillars [70].
Chen et al. demonstrated a self-masking technique to create nanopillars with
high aspect ratio on polymer substrates [71]. This was achieved through a
self-patterning mechanism during the etching process by release of particles which
served as nanomasks from a dummy glass slides. Figure 2.3 schematically shows the
fabrication process and the polymer nanopillars obtained using this method. The
sample comprised of a supporting glass substrate, a layer of polymer coating and a
glass slide partially covering the surface. The sample went through a low-power
reactive ion etching. Those nanomasks released from the dummy glass slide also
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served as sidewall passivation of the RIE process, hence, improving the aspect ratio.
This technique of creating polymer nanopillars is a simple one-step process but lacks
control of feature dimension and location. Due to the random nature of the dispersion
of the nanoparticles which served as nanomasks, the nanopillars obtained are of
random distribution. Figure 2.3(D) shows that groups of nanopillars clumped at
random locations.
Figure 2.3 (A)–(C) Schematic diagrams of the fabrication steps. (A) Parylene is
partially shielded with cover glass in RIE etching and then (B) The sample is
positioned for RIE etching. (C) During the RIE process, nanomasks are scattered onto
the entire surface, including the cover glass (dummy material). (D) SEM image of
nanopillars. Inset: enlarged SEM photo of nanopillars (H ~3.7 μm, D ~155 nm, scale
bar: 1 μm) [71].
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The bottom-up approach was used in the work of Schaffer et al. and Morariu
et al. to fabricate polymer nanostructures [72, 73]. In these reports, liquid phase
polymer was spin-coated on a flat Si piece. Another patterned Si substrate was placed
onto of the polymer surface leaving a small gap. The two Si pieces were used as
electrodes and a voltage was applied (see Fig. 2.4(A)). The electric field would
induce patterns on the polymer as the current caused by an ion conduction mechanism
was mediated by small impurity molecules in the polymer matrix [74]. A patterned Si
top electrode (Fig. 2.4(B)) can fabricate polymer nanostructures following its pattern,
due to significant difference in local electrical field at different locations.
(A)
(B)
Figure 2.4 Schematic plots of growing polymer nanostructures using a bottom-up
method. (A) The electrostatic pressure acting at the polymer (grey)-air interface
causes instability in the film (left). Eventually, polymer columns span the gap
between the two electrodes (right). (B) If the top electrode is replaced by a
topographically structured electrode, the instability occurs first at the locations where
the distance between the electrodes is smallest (left). This leads to replication of the
electrode pattern (right) [72].
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Other than the methods described above, polymer nanostructures are often
obtained using nanomolding methods, such as nanoimprinting lithography (NIL) [48,
75-77], cast molding [78, 79] and capillary lithography [81, 81]. The NIL process
makes use of a hard mold that contains nanostructures on the surface and presses it
into polymer surface under controlled temperature and pressure. Aryal et al. imprinted
large-scale high density polymer nanopillars for organic solar cell studies using NIL
[82]. Figure 2.5 is a schematic of the fabrication process.
Figure 2.5 Schematic diagrams of the Si mold fabrication and NIL process to make
high density polymer nanopillars over large areas. (A) Placing a freestanding anodic
alumina membrane on top of a Si substrate. (B) Ar plasma etching to remove the
rough barrier layer of the AAM. (C) Cl2 and Ar plasma etching to create Si nanopores
using AAM as a mask. (D) After AAM removal, the perfluorodecyltrichlorosilane
treated Si mold is used for nanoimprint lithography. (E) Formation of polymer
nanopillars after releasing the Si mold from the substrate [82].
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Si was patterned by aluminum oxide membrane (AOM) and etched to create
the mold. The Si mold was then used to imprint on polymer surface at a pressure of 5
MPa. Imprinting temperature and time were precisely controlled to achieve
nanostructure of various heights and materials.
Cast molding refers to the process where a pre-polymer of the elastomer is
poured over a master with nanostructures on its surface. Hardened polymer substrate
was then peeled off after curing at desired temperature [78]. Shan et al. fabricated
polydimethylsiloxane (PDMS) hair arrays using cast molding as shown schematically
in Fig. 2.6. Silicon mold was first fabricated using photolithography and deep reactive
ions etch. PDMS was then poured onto the mold and cured in vacuum at 60 °C for 4





Figure 2.6 Schematic diagrams of fabrication process of the PDMS hair arrays using
casting molding method [83]
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Both NIL and cast molding methods require the fabrication of a hard mold
[78]. With fixed patterns, the methods can be very cost-effective and have high
throughput as one mold can be repeatedly used to produce many replicas. These
methods can create samples with excellent surface coverage and feature size can reach
down to nanometer scale. However, the high temperature and high pressure
associated with the NIL processes could cause defects in delicate devices. Cast
molding is often not suitable to produce high-aspect-ratio nanostructures. Air inside
the nanostructures would prevent the polymer from entering. In the work from Shan et
al, PDMS were poured onto Si mold and degassed in vacuum for hours [83].
Propositions Contradictions
RIE Simple process to
combine with various
lithographic techniques.
High cost, low throughput,
Cast molding Low cost and high
throughput with mold
of fixed pattern
Requires fabrication of new mold when
pattern changes
Nanoimprinting Low cost and high
throughput with mold
of fixed pattern
Requires fabrication of new mold when
pattern changes
Table 2.1 Comparison of different fabrication techniques.
Table 2.1 summarize the advantages and disadvantages of different fabrication
techniques. In our work, we combined interference lithography and oxygen plasma
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etch to fabricate PET nanostructures. Oxygen plasma etch is a common and effective
method to remove polymer materials. Polymer nanostructures could be obtained
under room temperature. PET is one of the most produced polymer and widely used
in synthetic fibers; beverage, food and other liquid containers. We used commercial
PET transparency film because of it is easily accessible and cheap.
2.3 Fabrication of PET Nanostructures by O2Plasma Etching
2.3.1 Fabrication of Nanogrooves
3MTM transparency film (model PP2900) was used in this experiment. The
transparency film was first washed in acetone and rinsed with deionized water
followed by blowing dry with nitrogen gun before coating photoresist. A layer of
photoresist (Ultra-i 123) was spin-coated on the transparency at 800 rpm for 150s,
followed by a soft-bake at 110oC for 90s.
Interference lithography was used to define the pattern on the resist layer, as
this technique can easily cover a large area of substrate within a short period of time.
No mask is required as it is based on the principle of constructive and destructive
interferences caused by two coherent laser beams.
The IL system used in this work was the Lloyd’s-mirror-type with a HeCd
continuous wave laser source (λ = 325 nm), as shown schematically in Figure 2.7. It
comprises of a laser source, a spatial filter and a sample stage. The laser beam is first
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focused by lens and directed to passes through the spatial filter pinhole with a
diameter of 10 µm to remove noise from the beam. After the spatial filter, the beam is
allowed to expand over a length of approximately 1 meter. The beam intensity
decreases while the diameter of the beam and the phase front both increase. A lower
intensity leads to longer exposure time, but an increased beam diameter means the
intensity is more uniform over the exposed area, and an increased phase front means
that the beam can be better approximated as a plane wave over the exposure area.
An aluminum square mirror (99% UV reflectance) is used to reflect the beam
to the substrate because of its enhanced UV reflectivity compared to other metals and
constant reflectivity over a broad range of angles. The stage rotation axis is aligned to
cross the optical axis. The original laser beam will interfere with the light reflected
from the mirror to form a standing wave pattern. This produces periodic bright and
dark fringes on the photoresist. The resulting photoresist pattern will have the period
(P) as [44, 45]
P = λ / (2 sin θ) (2.1)
where λ is the wavelength of the laser, θ is half of the angle at which the two light
beams intersect.
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Figure 2.7 Schematic diagram of the Lloyd’s mirror interference lithography system.
Figure 2.8 depicts nanogrooves are patterned in Ultra-i 123 positive resist with
a single exposure. Nanopillars are patterned in Ultra-i 123 by exposing the sample
twice, with sample rotated 90° before the second exposure. The diameter and period
of nanostructures are determined by the exposure dose and interference angle.
Figure 2.8 Schematic Illustrations of patterning process using IL.
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Figure 2.9 shows a schematic diagram of the main steps in creating
nanogroove arrays on a transparency film. To create nanogrooves, the photoresist on
the substrate was exposed once for 1 min with a post-exposure bake at 110oC for 90s.
The exposed photoresist was then removed in Microposit MF CD-26 developer for 1
min. and the photoresist nanogrooves were now successfully defined on transparency
substrates (Figure 2.9(B)). The half angle between the two interfering beams during
the exposure for our samples was set to be 10o which resulted in a period of 935nm
for the nanogrooves.
After that, the sample was etched by O2 plasma with a plasma power of 40W,
a chamber pressure of 0.4 Torr and an etch duration of 15 min. A plasma enhanced
chemical vapor deposition (PECVD) machine (SAMCO PD2400) was used for the
generation of O2 plasma. The transparency substrate that was not protected by the
photoresist would be chemically etched away (Figure 2.9(C)). Chemically reactive
oxygen ions will react with the plastic substrate as well as the photoresist mask.
In order to remove the remaining photoresist on the sample surface, the
sample was exposed fully under an optical lithography mask aligner for 3 min and
developed for 2 min. Figure 2.9(E) shows the SEM image of the as fabricated
nanogroove arrays using the above described procedure. Very good uniformity was
achieved for the nanogrooves over a sample area of 1 cm2. The fabricated grooves
have a width of about 300 nm. The depth of the grooves was approximately 450 nm.
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The etch rate was estimated to be approximately as 30 nm/min. The photoresist mask
was 600nm thick. The etch selectivity of PR/PET in oxygen plasma was 1.3:1.
Figure 2.9(A) to (D) are schematic diagrams showing fabrication steps of the creation
of nanogroove arrays on transparency, and (E) is a SEM image of the fabricated
nanogrooves.
The AFM image of the nanogroove arrays of Figure 2.10 shows that the
nanogrooves have tipped top surfaces and slanted side walls caused by the isotropic
etching of the O2 plasma. In order to examine the effect of isotropic etching on
nanogrooves by O2 plasma, we have carried a series of experiments under various
etching conditions. Two parameters were extracted from the AFM image, the
ridge-top width, w, and the trench depth, d. These two parameters are important to
determine the lateral and vertical etch rates of the plasma process.
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Figure 2.10 AFM images of nanogrooves fabricated using oxygen plasma.
Figure 2.11 Schematic illustration showing vertical etching and lateral etching.
vertical etch rate = d/etching duration (2.2)
lateral etch rate = [(P/2−W)/2]/etching duration (2.3)
The etching duration for each sample was carefully chosen to prevent
under-etch, i.e. d was too small to measure, or over-etch when w was almost
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negligible. We have observed good uniformity of the nanostructures on a sample
area of 1cm × 1cm in all different etching conditions. Based on the w and d data
extracted from the AFM images of these samples, lateral and vertical etch rates
as a function of RF power and O2 pressure are presented in Figure 2.12.
We can see that both the lateral and vertical etch rates increase with RF
power and chamber pressure. As power increases, the reactive species in the
plasma are more energetic, making chemical reactions easier to happen; also, a
higher power leads to higher plasma density, which again makes the reactive
process faster, both will cause an increase in the etch rate. On the other hand,
increased O2 pressure means a higher concentration of oxygen in the chamber,
thus more PET reacts with oxygen and gets etched away, i.e. the etch rate
increases. Moreover, due to a 200 V DC bias across the top and bottom
electrodes of the PECVD machine, the vertical etching is enhanced by ion
bombardment as compared to the lateral etching, resulting in a higher vertical
etch rate. Note that, from Figure 2.12, we can see that lateral etch rate is about
half of the vertical one. This means significant isotropic etching in O2 plasma,
which is expected from a chemical etching process.
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Figure 2.12 Results of etch rate as a function of plasma etching conditions (O2
pressure and RF power) obtained using a PECVD machine. The solid lines are
results for different RF power with O2 pressure fixed at 0.4 Torr. The dotted lines
are for different O2 pressure but with RF power fixed at 40 W.
We have also attempted to produce nanopillars using the O2 plasma
etching. First, we prepared photoresist nanopillars which act as etching mask on
PET substrates. The photoresist went through two perpendicular exposures for
50s and baked at 110oC for 90s. The exposed photoresist was removed by
Microposit MF CD-26 developer leaving behind circular-shape photoresist
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pillars. Then the samples went through O2 plasma etching in the PECVD
machine. However, we were not successful in obtaining nanopillars using this
method due to the isotropic etching. In fact, the isotropic effect was more severe
compared to etching of nanogrooves as the photoresist pillars could be attacked
from all sides and what was left was only small hill-like feature with no
significant height, as shown in Figure 2.13.
Figure 2.13 SEM picture of failed attempt to create nanopillars using PECVD
machine with O2 plasma at 40W for 15min.
The severe isotropic etching of O2 plasma etching using the PECVD
machine prohibits the formation of proper nanogrooves or nanopillars. Hence, a
new method that provides more vertical etching is required. To increase the
directionality of the etching, O2 plasma etching was then carried out using a radio
frequency sputtering system (ANELVA SPF-21OH). Compared to the PECVD
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machine, a larger vertical etching is expected due to the larger DC bias of the
sputter machine. The DC field applied across the electrodes was 1kV comparing
to 200V of the PECVD machine. The etching took place at a chamber pressure of
0.5 Torr with a plasma power of 50W, similar to the etching condition used for
the PECVD machine. Figure 2.14 shows the SEM picture nanopillars obtained
using the sputter machine. Comparing Figures 2.13 and 2.14, we obtained hill
like structures but with a larger height. This may be expected as O2 plasma
contains many activated species such as atoms, molecules, ions and free radicals.
The positively charged oxygen ions are directed by the DC field to bombard the
substrate causing physical etching. Other plasma species such as free radicals and
negatively charged ions chemically react with the substrate to give isotropic
etching.
Figure 2.14 SEM picture of failed an unsuccessful attempt to create nanopillars
using RF sputtering with O2 ambient.
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2.4 Fabrication of PET Nanostructures by Sputter Etching with Ar
We have shown in Section 2.3 that the severe isotropic etching of O2 plasma
etching prohibits the formation of straight nanopillars. Hence, we replace the O2 with
Ar gas for the plasma generation. Ar is an inert gas and Ar plasma is not reactive with
transparency.
We will present results of creating nanogrooves with Ar plasma using the
PECVD and RF sputter machine. For experiments using the PECVD machine, sputter
etching is caused by the 200 V DC bias across the top and bottom electrodes. The
samples were etched by Ar plasma with a plasma power of 30W, an oxygen pressure
of 0.4 Torr and etch duration of 15 min. Figures 2.15 (A) and (B) show the SEM
image and AFM image of the as fabricated nanogroove arrays. From the AFM image,
the nanogrooves exhibit slanted sidewalls indicating lateral etching. The lateral
etching is caused by backscattered ions. When the ions hit the substrate, they will be
backscattered and knock on the sidewall of the features, causing lateral etching as
shown in Figure 2.16. This process can continue till the ions lost all its energy. We
will further examine the lateral etching in section 2.6.
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Figure 2.15 (A) Scanning electron micrograph image and (B) atomic force
micrograph image of a nanogroove sample etched for 15 min in Ar plasma using
PECVD machine at RF power of 30 W and chamber pressure of 0.4 Torr.
Figure 2.16 Schematic diagrams showing the lateral etch caused by backscattered
ions.
Figure 2.17(A) shows the vertical and lateral etch rates as a function of RF
power and chamber pressure using the PECVD machine. Similar to the O2 plasma
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etched samples, we observed good uniformity of the nanostructures on a sample area
of 1cm × 1cm in all different etching conditions. The etch rate in the vertical direction
is about 16 nm/min with Ar plasma operated at 0.4 Torr and 50W. Figure 2.17(A)
shows that both the lateral and vertical etch rates increase with an increase in RF
power pressure and decrease as chamber pressure goes up. The vertical etching is
caused by ion bombardments on the surface. The lateral etching is due to
backscattered ions knocking on sidewalls. When RF power goes up, both vertical and
lateral etch rates increase due to more energetic ions. In a low pressure chamber, ions
are less likely to collide with other gas species and lose energy. Thus, both vertical
and lateral etch rate increases as pressure decreases. Note that Figure 2.17(A) also
shows that the lateral etch rate is about half of vertical etch rate meaning significant
isotropic etching which is not suitable to create nanopillars as shown in figure
2.17(B).
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Figure 2.17 (A) Results of etch rate versus plasma etching conditions (Ar pressure and
RF power) obtained using a PECVD machine. The solid lines are results for different
RF powers with Ar pressure fixed at 0.4 Torr. The dotted lines are for different Ar
pressures but with RF power fixed at 40W. (B) SEM image of the failed attempt to
create nanopillars using PECVD machine with Ar plasma at 40 W for 15 min.
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Therefore, with the PECVD machine, we were not able to obtain straight
nanopillars even with pure physical etching. We next moved on to perform Ar sputter
etching using the ANELVA sputter machine, hoping to enhance the physical etching
as the DC bias of the sputter machine was 1kV comparing to the 200V in the PECVD
machine. We sputter etched nanogrooves at a chamber pressure of 0.5 Torr and
plasma power of 50 W for 2 min. Note that ion bombardments during sputter etching
will heat up the substrates and over-heating would cause the PET substrate to be burnt
and curled. To prevent over-heating, the etching was break down to cycles of 30s and
the substrate was allowed to cool down for 90s after each cycle. Using this multiple
sputtering cycles, the depth of the nanogrooves obtained was 520 nm. This gives an
etch rate at 260 nm/min and it shows that under similar etching conditions, the etch
rate obtained from the sputterer was ~16 times faster than the PECVD machine. This
means the larger bias across the two electrodes of the sputter machine increases the
voltage drop across the sheath region, further accelerating Ar ions as they travels
through it towards the substrate and enabling them to bombard the sample surface
with much greater velocity. As a result, the vertical etch rate has been enhanced
greatly. This process does not inflict strong influence on lateral etching, so the
anisotropy of this etching process is larger than that of PECVD machine.
We have used Ar sputter etch to fabricate nanogrooves (Figure 2.18 (A)),
nanopillars (Figure 2.18(D)) and nanofins (Figure 2.18(B)). Note that Figure 2.18(C)
shows the SEM picture of photoresist nanopillars with height of 650nm. Figure
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2.18(D) is the SEM picture of sputtered transparency nanopillars. The sample was
sputter etched by Ar plasma at pressure of 0.5 Torr and plasma power of 50 W for 2
min split into cycles of 30s. After a certain etching duration (normally around 2
minutes), the sputtered nanopillars will reached the maximum of height of 650 nm
which is comparable to the height of the resist pillars measured in Figure 2.18(B).
The resulted nanopillars have an aspect ratio of ~1.6. At this point, the protecting
photoresist has all been etched away, and the incident Ar ions will etch down every
part of the PET substrate at the same rate, causing no more increase in the height of
the nanostructures. This is a shortcoming of this method as the selectivity of PET/PR
under Ar sputtering is ~1:1. Figure 2.19 shows AFM images of sputter etched
nanogrooves and nanofins. The AFM profiles show slanted sidewalls.
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Figure 2.18 SEM images of nanostructures fabricated on transparency (A) Ar
sputtered Nanogrooves (B) Photoresist nanopillars with diameter of 400nm and height
of 650nm (C) Ar sputtered Nanopillars (D) Ar sputtered Nanofins.
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Figure 2.19 AFM images of nanostructures by sputter etching: (A) nanogrooves (B)
nanofins.
2.5 Fabrication of PET Nanopillars with Al Hard Mask
To obtain nanostructures with higher aspect ratio, we use aluminum mask to
increase the selectivity between Al and PET. Figure 2.20 shows a schematic diagram
of the fabrication process. A layer of Al of 20-nm thick is evaporated onto PET
substrate. A layer of photoresist (Ultra-i 123) is then spin-coated on top of the Al
layer at 800 rpm for 150s follow by a soft-bake at 110oC for 90s. The photoresist is
then exposed using the IL setup with a post-exposure bake at 100 oC for 90s. After
development, the sample is dipped into 10% HF for 30s and a PR/Al stack is created
as the etching mask.
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Figure 2.20 Schematic diagrams showing fabrication process of long nanopillars with
Al mask.
Figures 2.21(A) and (B) are SEM images of nanopillars using Al as an
additional layer of mask. The height of the nanopillars is ~1.2μm and the etch
selectivity of PET/Al under Ar sputtering is over 30:1. The diameter of the nanopillars
was approximately 400 nm and hence gives an aspect ratio of ~ 3. The use of Al hard
mask helps to increase the height of nanopillars as Al can better withstand the ion
bombardments. However, it is still difficult to fabricate longer nanopillars with
increased etch time. Prolonged etching would heat up the substrate and cause curled
or even burnt substrates. From Figure 2.21(B), we can observe that some nanopillars
bent and clamped together instead of standing straight. Once the nanopillars were in
contact, they might adhere to each other due to surface adhesive forces [84-87].
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Figure 2.21 SEM images of sputtered nanopillars using PR/Al mask.
2.6 Fabrication of PET Nanoholes
Besides making protruding nanostructures such as nanopillars, nanofins and
nanogrooves, we can use our method to create nanohole arrays with controllable
dimensions and good uniformity. To do so, we first patterned photoresist nanopillars
(see Section 2.3.2), a layer of Al was evaporated on top of the photoresist for lift-off
process (see Figure 2.22(A)). The lift-off was carried out with the sample immersed in
acetone solution and placed in a sonicator bath for 2 minutes to lift off the photoresist.
As a result, a layer of Al film with holes array in it will cover the PET surface.
Nanoholes on PET substrate can then be obtained by plasma etching with Al as the
masking material that can be subsequently removed in alkali CD-26 developer.
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Figure 2.22 Process flow to create Al hole template.
Figures 2.23(A) to (C) are SEM images showing the top view of nanohole
samples etched in different conditions. To study the inside profile of these holes,
PDMS was cast onto these samples.
We selected PDMS to profile the nanoholes as the glass transition temperature
of PDMS is very low and appears in liquid form at room temperature. It can be easily
converted into solid elastomer by crosslinking. The PDMS used in this study was
Sylgard® 184 Silicone Elastomer Kit. It came in two parts, the liquid silicon rubber
base and curing agent. It was prepared with silicone elastomer mixed with the curing
agent with a ratio of 10:1. After degassing, the PDMS was poured onto the PET
substrate and then baked at 70〬 C for 3 hours for cross-link to take place. The
hardened PDMS is peeled off after cooling. Protruding PDMS features are then
examined using SEM and typical results are shown in Figures 2.23(D) to (F).
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Figure 2.23 (A) and (B) are nanoholes etched in PECVD machine with RF power of
40 W and chamber pressure of 0.4 Torr for 15 min using O2 and Ar plasma,
respectively, (C) Nanoholes etched by Ar sputtering with RF power of 50 W, chamber
pressure 0.5 Torr for 100 s. (D) to (F) are the PDMS negative replica of (A)–(C)
respectively.
Isotropic etching is expected from nanoholes etched using PECVD machine
with both O2 and Ar plasma, and this is indeed confirmed by the SEM images of
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Figures 2.23(D) and (E). One would anticipate that by etching in Ar plasma with the
sputtering system, the nanoholes should have straight sidewalls since anisotropic
etching has been witnessed in previous sections. However, the SEM images of
samples etched with the sputtering system (Figure 2.23(F)) depict pronounced
isotropic etching profiles. This is due to the fact that in the creation of nanoholes,
once the incident Ar ions hit the bottom of the holes and get backscattered, they will
knock on the sidewall of the hole with a much greater chance as compared to the
sidewall of a nanopillar. During the process of creating nanopillars, there is plenty of
space for the backscattered Ar ions to escape and hence one can obtain straight
sidewalls.
We can anticipate that when the nanohole diameter increases, isotropic etching
will become less prominent because Ar ions will have a lower chance to reach the
sidewall. We have prepared two samples such that the Al holes have diameters of 400
nm and 2.41 μm, respectively (see Figure 2.24). After etching using Ar plasma
generated in the PECVD machine at 75 W for 15 min, we observed that the diameter
of the small holes increased to more than 650 nm (more than 250 nm lateral etching),
but that of the big holes only increased to 2.52 μm (110 nm lateral etching), thus
confirms our suspicion of the role of backscattered ions in causing the isotropic
etching profiles of Figure 2.23(F).
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Figure 2.24 SEM images of Al hole template and resulting PET holes after being
etched in Ar plasma at 75 W for 15 min. (A) Small holes defined by IL, with Al hole
diameter around 400 nm and PET hole diameter more than 650 nm after etching; (B)
Big holes defined by optical lithography, with Al hole diameter around 2.41 μm and
PET hole diameter 2.52 μm after etching.
2.7 Summary
In summary, we have demonstrated the fabrication of nanogrooves and
nanopillars on transparency substrates using plasma etching and sputter etching. Both
chemical and physical etching mechanisms are discussed. Al hard mask was used to
achieve nanopillars with a higher aspect ratio. With our method, we are able to
produce spatially precise and wide-surface-coverage templates with good uniformity.
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We can easily change the period (400 nm to 1.5 μm) and obtain different shapes of the
pattern (grooves, pillars, fins and holes) without resorting to complicated fabrication
processes. Our method is desirable due to the simplicity and low cost of the
fabrication process for the production of periodic nanostructures of different shapes
and dimensions in relatively large area (1 cm2).
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Chapter 3 Neurite Outgrowth and Guidance on Nanogroove
Arrays
3.1 Introduction
Over the last decade, there have been intense research interests in how cells
behave on nanoscale structures or surfaces, as different cell-types are known to
respond to the various chemical and geometrical cues at nanometer length scales in
ways that are fundamentally different from what is observed on flat, featureless
substrates. Controlled neurite outgrowth guided by combinations of chemical and
physical cues is an important field of study in regenerative medicine for the treatment
of nerve injuries [88-89].
While chemo-attractants and repellents of neurite outgrowth have been
extensively studied, the roles of physical cues such as micro- or nano-scale topologies
in neurite guidance are still unclear and keenly debated [91-93]. Various studies have
shown that the adhesion between cells and nanopatterned surfaces can modulate
critical cellular events such as gene expression [94], embryonic development [95] and
cell locomotion [96]. Many reported micrometer sized grooves (microgrooves) or
fibers can effectively induce alignment of neurites [97-101]. A comprehensive
understanding on the interaction between cell and substrate will help to realize
potential applications such as scaffolding for tissue engineering, designer bandages
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for wound dressing and antifouling surfaces for implants. To conduct such studies,
large quantities of substrates are essential. As a result, controllable, cost-effective
methods for fabricating spatially precise, large-surface-area nanostructures with
desirable dimensions and features are needed for the studies.
In this chapter, we will first present a literature review on prior work in the
field of directed neurite outgrowth. In the next section, we will present the results of
our study on directed neurite outgrowth on three types of nanogroove substrates. The
first type of substrate consists of Si nanogrooves fabricated by the interference
lithography and metal assisted chemical etching (IL-MACE) method. The second type
of substrates consists of polyimide nanogrooves obtained by nano-imprinting
technique using the Si nanogrooves (fabricated from the IL-MACE method) as the
master. The last type of substrates consists of nanogrooves fabricated on low cost, off
the shelf, office transparency sheets (i.e. polyethylene terephthalate (PET)).
MiRNAs are post-transcriptional regulators of gene expression and have been
shown to be involved in a wide range of physiological processes. An increasing body
of evidence has demonstrated the intimate role of miRNAs in regulating neurite
initiation, outgrowth and patterning [102-105]. In the last section of this study, we
examine the role of MicroRNAs (miRNAs) on neurite guidance for cells growth.
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3.2 Literature Review
3.2.1. Directed Neural Growth on Nanostructured Surfaces
Nanotechnology and biotechnology are two exciting research areas in the 21st
century. The combination of the two leads to a new exciting field of research known
as nanobiotechnology. Nanotechnology provides nanoscale tools to study or
manipulate biological systems [106]. Mahtab et al. used semiconductor quantum dot
to probe for different DNA structures [107]. Nam et al. reported six orders of
magnitude improvement in sensitivity of protein detection using nanoparticle probes
[108] than what was observed with clinically accepted conventional assays. Kuwabara
et al. [109] demonstrated the advantage of increase surface area in coating protein by
nanoimprinted Poly(methyl methacrylate) (PMMA) nanopillars as immunoassay
chips. Sniadecki et al. [33] used magnetically actuated PDMS microposts for cell
stimulation. This work helps in the understanding of how forces outside and inside a
cell affect its mechanotransduction response.
Among the vastly diverse research areas of nanobiotechnology, topological
guidance of neurite extension [34, 110] or cell elongation [76] on nanogrooved
surfaces was keenly discussed in recent years. Groups of researchers came up with
techniques to fabricate nanogrooves and tested neurite outgrowth to prove that cells
can sense the topological cues at the molecular level. Many reported micrometer sized
grooves (microgrooves) or fibers can effectively induce alignment of neurites
[97-101]. Tsuruma et al.[99] prepared regular stripe-patterned (groove-ridge pattern)
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polymer film on glass substrate in order to control direction of neurite
extension. Figure 3.1 shows morphologies of neurons and extended neurites observed
using SEM and confocal laser scanning microscopy (CLSM). Polymer films with
micro groove patterns were effective for orientation of neurites extension. The
orientation of neurites depended on the pattern width and spacing.
Figure 3.1 Morphologies of neurons and neurite extension in SEM and CLSM. (A)
Fluorescence image on flat film (staining for β-tubulinIII), (B) SEM image on flat
film, (C) fluorescence image on groove patterned film (staining for β-tubulinIII) with
width: 3.6 μm, spacing: 8.4 μm, (D) SEM image on groove patterned film with width:
3.6 μm, spacing: 8.4 μm (E) phase contrast images on groove width: 2.2 μm, spacing:
6.1 μm and (F) groove width: 4.3 μm, spacing: 12.7 μm [99].
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Figure 3.2 A: Schematic representation of a surface consisting of two planar areas and
an area with parallel ridges. Growth cones (black arrows) growing out from a
reaggregate of spinal cord neurons (black circles, placed in one of the planar areas)
into the topographically structured area. The grey rectangle corresponds to the area
shown in the images below; the black rectangle is the selected field for live
monitoring as shown in Figure 3.2 B–L: SEM images of topographical structures, B
5-5; C 10-10; D 25-25; E 50-50 and F 100-100 (ridge width and interridge distance in
μm). Structure height: B–F, 1.3 μm. M: Fluorescent image of neurite outgrowth.
Neurites are growing from a single spinal cord reaggregate placed on the planar part
into the ridge area (interridge space 5 μm, ridge width 5 mm and ridge height 1.3 μm)
[114].
Weigel et al. fabricated micrometer-size polyimide ridges of different
geometry on silicon oxide surfaces to investigate the optimal structural size for neurite
guidance [114]. The highest guiding efficiency was achieved with ridges of 3 μm in
height and 10 μm inter-ridge distance (see Figures 3.2 (A) to (L)). Spinal cord
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re-aggregate neurites changed their orientation parallel to the ridges and became
confined to the groove space between ridges, as shown in Figure 3.2(M).
With the development of nanofabrication techniques, surface structures in the
nanometer range has revealed that cells also respond to such nanostructures.
Endothelial and ﬁbroblast cells are sensitive to patterns with features down to 10 nm
[115-117]. Note that the nanogrooves are smaller than the neurite itself so that it sits
on top instead of being confined. For micro-sized structures, it is still being argued
whether the effect is by topological guidance or simply confinement imposed by the
micro structures.
Rajnicek et al. [110] used EBL to write groove patterns directly on fused
quartz as the substrates for their study; while Hu et al. [76] and Johansson et al. [34]
used NIL to pattern polymer substrates. In Hu and Johansson’s work, the Si masters
used for nanoimprinting were fabricated using the EBL and plasma etching method.
EBL is a high cost and slow process. The patterned surface area of the Si master by
EBL is usually limited and thus limits the patterned area of the polymer substrate. For
example, the maximum patterned area of the nanoimprinted PMMA substrate in
Johansson’s study was only 200μm by 200μm, as shown in Figure 3.3.
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Figure 3.3 SEM image of guided axons on a nanoimprinted PMMA surface. The
PMMA nanogrooves have a width of 800 nm and period of 1 μm. Surface inside the
square is the patterned area [34].
3.2.2 Role of microRNAs on Directed Neural Growth
MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression
and have been shown to be involved in a wide range of physiological processes. It has
been shown that the small non-coding microRNAs play an important role in
development by regulating protein translation, however, their involvement in axon
guidance is unknown. Nevertheless, an increasing body of evidence has
demonstrated the intimate role of miRNAs in regulating neurite initiation, outgrowth
and patterning [102-105].
Han et al. investigated the role of microRNA-134 (miR-134) in chemotropic
guidance of nerve growth cones of Xenopus neurons [103]. Figure 3.4 shows that the
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brain specific miR-134 was found highly expressed in neural cells
of Xenopus embryos and abundantly present in the growth cones of
embryonic Xenopus spinal neurons in culture. Han’s work supports the involvements
of miRNAs in regulation of selected guidance responses of nerve growth cones. In the
work of Baudet et al., miR-124 was found to be important in regulating the intrinsic
temporal changes in Xenopus laevis retinal ganglion cells growth cone sensitivity. A
loss of miR-124 caused cell-autonomous pathfinding errors [111]. Yu et al. found
miR-124 regulates neurite outgrowth in mouse P19 cells [112]. As shown in Figure
3.5, overexpression of miR-124 promotes neurite outgrowth, while blocking miR-124
function delays neurite outgrowth. In PC12 cells, miR-221 was reported to
potentiate the formation of neurite network [113]. These reports provided evidence of
the involvement of the three miRNAs in neurite outgrowth and topological guidance.
Figure 3.4 Enrichment of miR-134 in Xenopus growth cones. Fluorescence in situ
hybridization was used to detect miR-134 in cultured Xenopus spinal neurons using a
locked nucleic acid modified probe (A) or scrambled probe (B). Phase contrast
images of the growth cones are shown as insets. Arrows indicate the miR-134 puncta




Figure 3.5 Expression of miR-124 increases number of primary neurites extended
from cell bodies of cortical neurons and blocking of miR-124 decreases number of
primary neurites. Cortical progenitors freshly dissociated from E14.5 cortex were
transfected with GFP plasmid and different expression constructs or 2’-O-Me oligos
as indicated. Cells were cultured for 43 hr in vitro before fixation, cells were
processed for indirect immunofluorescence with an antibody to GFP and neurite
outgrowth was analyzed. (A) Cortical neurons transfected with mt, (B) Cortical
neurons transfected with 124-1, (C) Primary neurons transfected with 2’-O-Me oligos
with control scrambled miR-124 sequence (O-Me-124-sc) (D) Primary neurons
transfected antisense sequences of miR-124 (O-Me-124-as which blocks miR-124
[112].
The roles of surface topologies in neurite guidance are still unclear and keenly
debated [91-93]. Various studies have shown that the adhesion between cells and
nanopatterned surfaces can modulate critical cellular events such as gene expression
[94], embryonic development [95] and cell locomotion. [96] A comprehensive
understanding on the interaction between cell and substrate will help to realize
potential applications include scaffolding for tissue engineering, designer bandages
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for wound dressing and antifouling surfaces for implants. To conduct studies, a
controllable, cost-effective methods for fabricating large quantities of spatially precise,
large-surface-area nanostructures with desirable dimensions and features are needed.
It should be noted that most of the neurite outgrowth studies were performed
on Si based substrate. Extensive usage of Si substrates will incur high cost, and Si is
not biocompatible, rigid and can be hardly used for implantation. A better option for
the substrate would be a biocompatible material which is flexible. Polymer will be a
better substitute as substrate for bio- studies. In this work, we will first demonstrate
the fabrication processes for Si, polyimide and PET nanogrooves, follow by the
neurite outgrowth studies on these substrate. The last section will be results of an
investigation of the influence of geometry (via nanogrooves) versus chemical (via
miRNA) on the directed neurite growth of PC12 cells. This was a collaboration with
my colleague, Mr Cheng He, in that the fabrication of all the nanogroove substrates
was produced by the author, Mr Cheng He carried out all the bio-related work. In
general, both the author and Cheng He analyzed the results, but the FFT analysis of
the results and the analysis that involved manually tracing neurite segments and the
estimation of their deviation from the nanogrooves described in the last section was
carried out by the author.
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3.3 Neurite Outgrowth/Guidance on Nanogroove Arrays
3.3.1 Fabrication of Si and Polyimide Nanogrooves
Figure 3.6 shows a schematic of the main steps in the IL-MACE process for
the fabrication of Si nanogroove arrays. Firstly, p-type (100) Si wafers were coated
with layers of photoresist (Ultra-i 123) approximately 400 nm thick and cured at 90°C
for 90s. The photoresist was then exposed using a Lloyd’s-mirror-type IL set-up with
a HeCd laser source (λ = 325 nm) [118]. Exposure of the photoresist with periodic
lines was achieved by one exposure duration of ~40 s to 1 min. The unexposed
photoresist was then removed using Microposit MF CD-26 developer, leaving behind
lines of photoresist on the Si wafer surface.
The samples were subjected to an oxygen plasma etch (power of 30W, oxygen
pressure of 0.5 mbar, etching time of 30 to 120 s) to remove the residual unexposed
photoresist at the Si interface. To carry out the metal assisted chemical etching
(MACE) of Si, gold (Au) was thermally evaporated on the Si wafer to a thickness of
~25 nm, at a pressure of 10-6 Torr. The samples were then etched in a solution of H2O,
HF and H2O2 at room temperature with the concentrations of HF and H2O2 were 4.6
and 0.44 M, respectively [119]. After the nanogroove arrays were obtained, Au was
then removed using a standard Au etchant.
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Figure 3.6 Schematic diagrams of the fabrication of silicon nanogroove arrays using a
combination of interference lithography and metal assisted chemical etching
(IL-MACE).
The fabrication of polyimide (PI) nanogrooves involved the use of the silicon
nanogroove substrate as the master for the nanoimprinting process. As shown in
Figure 3.7(A), polydimethylsiloxane (PDMS) mold with negative nanogroove pattern
is made from the silicon master. The Si master was first coated with a layer of
anti-sticking agent, (Tridecafluoro-1.1.2.2-tetrahydrooctyl) trichlorosilane, for easy
release of PDMS after curing. The PDMS was prepared with silicone elastomer mixed
with curing agent with a ratio of 10:1. After degassing, the PDMS was poured onto
the silicon substrate and then baked at 70°C for 3 hours for cross-link to take place.
The hardened PDMS was peeled off after cooling and was used to produce the PI
nanogroove substrate. In Figure 3.7(A), the liquid form of PI is spin-coated onto the
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PDMS mold with 300rpm for 2 minutes followed by an oven baking with temperature
ramped from 100°C to 180°C for 14 minutes.
Figure 3.7 (A) Schematic illustration of the basic steps in fabricating polyimide
nanogroove substrate by nanoimprinting using Si nanogroove substrate as the master.
(B) SEM image of the polyimide nanogrooves.
Note that during cooling down, the PI film tends to curl resulting in an uneven
surface. To solve this problem, after peeling off from PDMS mold, the uneven PI film
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was sandwiched in between two clean wafer pieces and put under a weight of 100g.
The sandwiched PI film would then be baked in the oven at 100 °C for 1~2 minutes.
This process will not damage the nanostructures on the surface and will give a fairly
even PI substrate. Figure 3.7 (B) shows an SEM image of the PI nanogrooves
fabricated with this method. Thus with one Si master, many identical PDMS molds
can be produced. These molds can be used simultaneously to spin coat and cure PI,
rendering the casting a parallel process which greatly improved throughput. Moreover,
using PDMS molds for repeated curing and peeling off PI replicas prevents the wear
and tear of the Si master.
The PET nanogrooves were fabricated using O2 plasma etching. We have
discussed the fabrication process and mechanism of creating PET nanostructures in
detail in Chapter 2.
3.3.2 Neurite Outgrowth/Guidance on Nanostructured Surfaces
In this study, the murine neuroblastoma cell line Neuro2A (catalog #
CCL-131; American Type Culture Collection) cells were grown in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan,
UT), in a humidified atmosphere with 5% CO2 at 37°C. Wild type Neuro2A cells,
were stably transfected with enhanced Green Florescence Protein pEGFP-N1 Vector
(GenBank Accession #U55762; Clontech Laboratory, Inc) using Transfectin (Biorad,
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Hercules, CA) and selected with 0.4 mg/ml G418 (PAA Laboratories GmbH, Austria),
over a period of more than 2 months.
It should be noted that we have carried out experiments (see Section 1 of
Appendix 2) to make sure that during the neurite outgrowth experiments, the cells
seeded on the nanostructured surfaces were resistant to shear force of liquid flow due
to the repeatedly medium changing. We have also carried out cell mortality tests (see
Section 2 of Appendix 2) on cells on polymer substrates to make sure that cells were
alive during our experiments. These tests were to ensure meaningful results were
obtained from our neurite growth experiments.
To test the differentiation of Neuro2A cells and to assess the neurite extension,
thirty thousand Neuro2A-eGFP cells were initially seeded in each well of 12-well
polystyrene plates or onto plain and structured Si nanostructured substrates (with
nanopillars, nanofins or nanogrooves) and incubated in complete serum medium for
16 hours to allow adhesion, before being exposed to all-trans retinoic acid (15μM;
Sigma, St. Louis, MO) for 24 hours to induce differentiation.
Neurite outgrowths were observed and images captured on a Zeiss inverted
Axovert 25 microscope equipped with fluorescence detection (Oberkochen, Germany).
Prior to image acquisition, plain and structured Si wafers on which Neuro2A-eGFP
were grown and differentiated were removed from 12-well polystyrene plates, gently
rinsed with 1xPBS and mounted on glass slides with DAKO Fluorescent Mounting
Medium (DAKO Corporation, Carpinteria, CA). Control experiments performed on
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transparent polystyrene plates were observed directly. Fluorescent images were
performed with Nikon Coolpix 995 digital camera (Nikon, Japan) positioned on Zeiss
inverted Axovert 25 microscope equipped with fluorescence detection.
Figure 3.8 shows fluorescent images of differentiation of neuro2A cells on
polystyrene and silicon surfaces. Neurite extension was found to occur in random
directions on flat surface and substrates with nanopillars or nanofins. On nanogroove
surface, neurites were aligned in parallel with direction of the nanogrooves. Rajnicek
et al. and Waddell et al. reported similar topological guidance of neurite extension on
nanogrooved surfaces [110, 120].
Johansson et al. [34] also reported similar findings of axonal growths guided
by the nanogrooves and nanoridges, and that the axons seem to lie on ridges rather
than in grooves. But their studies were limited within nanostructured surfaces of only
200 μm x 200 μm. Our method provides larger nano-patterned surface area (1 cm x 1
cm) for the study of topological guidance of neurite extension over long distances.
This may be useful in understanding neurite extension and guidance over the large
nerve gap (>1 cm) typically seen in injuries to human peripheral nervous system.
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Figure 3.8 Differentiation of Neuro2A cells on flat and Si nanogrooved surfaces.
Neuro2A cells were exposed to 15μM retinoic acid to induce differentiation. Shown
here are representative images of (A) native and (B-F) differentiated Neuro2A cells
grown on various surfaces. Inserts are SEM images of Si nanopillars, nanofins and
nanogrooves.
We found that the throughput of Si nanogroove substrates was low due to the
many process steps involved and this proved to be a problem for the neurite guidance
study. Moreover, the Si substrates were also comparatively more expensive and less
biocompatible than polymer based substrates. The opaque nature of Si also requires
cells to be stained with florescent dyes for proper observation, prohibiting continuous,
real-time observation of the dynamic process of neurite outgrowth/guidance which
occurs gradually over a period of several days. Therefore we decided to carry out the
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neurite study on the cheaper and transparent PI nanogroove substrates produced by
nanoimprinting.
Neuro2A cells were seeded onto both plain and nanogroove PI substrates and
induced to differentiate with 15 μM of retinoic acid. Neuro2A cells were seeded onto
the polymer substrates without staining with florescent dyes and the neurite outgrowth
was observed and images captured on a Zeiss Axio Observer Z1 Inverted Microscope.
Bright field images were captured.
Figures 3.9 B and C show that extensive and random neurite outgrowth was
observed on plain PI substrate whereas directed neurite outgrowth was seen on
substrates with nanogrooves. This demonstrates that PI substrates are good
replacement for Si substrates. It is important to note that the transparent nature of PI
substrates provides a significant advantage besides lower cost and easy fabrication
over the opaque Si substrate as neurite outgrowth can now be visualized directly on
live cells using a normal microscope without the need of staining the cells with
florescent dyes. In this way, we can get rid of the step of staining the cells with
fluorescent dyes which would kill the cells and invalidate the experimental results.
However, the PI substrates are not perfect in that a slow disintegration of the PI
substrates was found during neurite growth studies. This poses a problem for future
studies where prolonged incubation is necessary.
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Figure 3.9 Neuro2A cells were exposed to 15 μM retinoic acid to induce
differentiation. (A) Control experiments performed on polystyrene surfaces (B)
Differentiation of Neuro2A cells on plain and (C) nano-grooved polyimide substrates.
Dimensions of polyimide nano-grooves: width 400 nm, period 1.2 μm and depth
400nm.
We have also attempted to seed the Neuro2A cells onto plain and nanogrooved
PET substrates. The cells were induced to differentiate with 15μM of retinoic acid.
Neurite outgrowths were observed and images captured on a Zeiss Axio Observer Z1
Inverted Microscope. Figure 3.10A shows random nuerite growth of Neuro 2A cells
on plain polystyrene surface. Figures 3.10 B and C show that extensive and random
neurite outgrowth was observed on plain PET substrate whereas directed neurite
outgrowth was seen on substrates with nanogrooves. These results are similar to those
obtained from PI substrates. It shows that nanogrooved PET substrates are also
suitable for our study on directed neurite growth. More importantly, unlike the PI
substrates, PET does not curl (due to no baking process involved) or disintegrate
during neurite growth. When viewed under microscope, no part of the PET surface
was out of focus caused by film unevenness. As for PI substrates, the surface was
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uneven due to curling so that the surface was only partially in focus under microscope.
The use PET substrates would thus allow continuous, real-time observation of the
dynamic process of neurite outgrowth, which occurs gradually over a period of
several days.
Figure 3.10 Neuro2A cells were exposed to 15 μM retinoic acid to induce
differentiation. (A) Control experiments performed on polystyrene surfaces. (B)
Differentiation of Neuro2A cells on plain and (C) nano-grooved PET substrates.
Dimensions of PET nano-grooves: width 300 nm, period 1.2 μm and depth
400-500nm.
It is obvious that of the three types of nanogrooved substrates, the PET
substrate would be most suitable for our study on the effects of geometry and
chemical stimulant on directed nuerite growth. The results of this study will be
presented in Section 3.4.
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3.4 Investigation of miRNA Involvements in Topological Guidance
of Neurite Outgrowth
In this section, we present results of an investigation on the involvement of
miRNAs in topological guidance of neurite outgrowth in a nerve growth factor (NGF)
treated rat pheochromocytoma PC12 cell model cultured on nano-patterned PET
substrates. The nanogrooves were typically 100nm in height, and 300nm in width
with a 400nm gap between consecutive grooves. PC12 cells were seeded on flat and
grooved PET substrates and treated with 50 ng/ml of NGF over 72 hours. Total RNA
was isolated using Cell-to-Ct reagent as described by Ho et al.[121]. The expressions
of 38 neuronal miRNAs were measured using miR Φ qPCR assays (ETPL, A*STAR)
on CFX-96 (BioRad). For functional study, PC12 cells were transfected with mimics
of miR-221, miR-222 and inhibitor of miR-124 (Qiagen) using Transfectin (BioRad)
according to manufacturer’s instructions. Neurite guidance is analyzed through Fast
Fourier Transform (FFT).
Figures 3.11 A and B show the neurite outgrowth of NGF treated PC12 cells
on flat and nanogrooved PET substrates, respectively. Upon treatment with NGF,
PC12 cells elicit neurite outgrowth and differentiate into neuron-like cells. On flat
PET substrate, the neurite outgrowth was randomized in all direction. On
nanogrooves, the neurites were found to extend in a direction parallel to the grooves.
This observation is the same as Neuro2A cells described in previous section.
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Figure 3.11 (A) PC 12 on flat PET substrate, (B) PC12 on PET substrate with
nanogrooves, arrow indicating neurite alignment along nanogrooves) (C) SEM
Images of large area uniform grooves with inserted magnified view.
We measured the expressions of 38 miRNAs reported to be involved in neurite
outgrowth and morphology. Figure 3.12 (A) shows 6 miRNAs that were differentially
regulated during NGF induced neurite outgrowth in PC12 after normalization to
reference gene miR-16 and miR-93.
Among these miRNAs, miR-124, miR-221 and miR-222 are most
significantly regulated between flat and grooved PET surfaces (see Figures 3.12(B),
(C) and (D)). MiR-221 and miR-222 show significantly lower expression on grooved
surfaces whereas miR-124 show significantly higher expression, suggestive of their
involvement in neurite guidance.
The function of the three miRNAs was subsequently investigated by altering
their intracellular levels. PC12 cells were transfected with inhibitor of miR-124 and
mimics of miR-221 and miR-222, and induced to differentiate on nanogrooved
substrates. Transfection of miR-221 and miR-222 mimic resulted in approximately
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800 fold over-expression of miR-221 and miR-222 compared to transfection controls
whereas miR-124 inhibitor successfully attenuated miR-124 expression by more than
60%. Neurite alignment in control and transfected cells were analyzed with FFT
[122].
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Figure 3.12 (A) Fold change in miRNA expressions (NGF treated / untreated
Control) on flat and grooved PET surface, (B) fold changes of miR-124, (C) miR-221
and (D) miR-222 on flat and grooved PET surface over time.
66
For digital images, Discrete Fourier Transform (DFT) is applied. DFT
processes a finite amount of data and does not contain all frequencies forming an
image but enough to fully describe the spatial domain image. The number of
frequencies corresponds to the number of pixels in the spatial domain image. FFT is
an algorithm to compute the DFT and its inverse. The Fourier Transform is used if we
want to access the geometric characteristics of a spatial domain image. Because the
image in the frequency domain is decomposed into its sinusoidal components, it is
easy to examine certain frequencies of the image which reflect certain geometric
structures in the spatial domain. The alignments in spatial domain will result spikes in
frequency domain [122].
The images of the neurite guidance of PC12 cells was analyzed using FFT.
The bright field images were transformed into frequency domain images. The image
analysis was performed using ImageJ which is a public domain Java image processing
program. This Fourier image analysis quantifies the extent of neurite alignment. Sharp
spikes in the transformed images represent a direction of alignment in the original
spatial domain image and a spherical pattern represents a more random alignment.
Figure 3.13 is a screenshot of the image process software used to perform FFT
analysis of the image file.
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Figure 3.13 Screenshot of ImageJ image process software.
The results of neurite alignment in control and transfected cells analyzed with
FFT are shown in Figure 3.14. When neurites were aligned, transforming images to
frequency domain produced sharp spikes that were orthogonal to the aligned neurites
in spatial domain, whereas a spherical pattern with blurred boundary is indicative of
less aligned neurites. Both miR-124 inhibitor and miR-221 mimic transfection
resulted in blurred FFT image, compared to the sharp spike in transfection control and
negative control cells, indicating the decrease in miR-124 and increase in the
intracellular levels of miR-221 disrupted neurite alignment. However, miR-222 mimic
transfected cells showed some spikes in the frequency domain.
68
Figure 3.14 Left: Typical microscopic image of treatment conditions Right: Averaged
FFT images. From top to bottom: (A) Cells transfected with Negative Control, (B)
miR-124 inhibitor, (C) miR-221 mimic, (D) miR-222 mimic, (E) Transfection Control.
White arrows show directions of spikes in FFT image.
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To confirm the observation, we further examined neurite alignment by
manually tracing neurite segments and measuring their deviation from the
nanogrooves as shown schematically in Figure 3.15. The total length of neurite
segments in each angle bracket was divided by total neurite length to produce the
percentage of neurite length in each angle bracket.
Figure 3.15 Schematic diagrams showing manual examination of neurite alignment
We have carried out such estimation on 54 images and the results are shown in
Figure 3.16. Both miR-221 mimic and miR-124 inhibitor transfection led to high
degree of deviation, with a marked decrease in the percentage of neurite length in
angles between 0° and 10° to the nanogrooves. Meanwhile, there was significant
increase of neurite segments deviating more than 30° to grooves. The miR-222 mimic
transfection resulted in a smaller degree of deviation with noticeable increase in
neurite segments in between 30° to 70°.
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Figure 3.16 Percentage of neurite length in angle bracket for (A) miR-124 inhibitor,
(B) miR-221 mimic, (C) miR-222 mimic and (D) microscopic photo for neurite
tracing. A higher percentage of neurite length in larger angle brackets indicates more
deviation of neurites in ordered alignment.
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We have demonstrated that miR-221 and miR-222 expressions were lowered
on PET nanogrooves, while miR-124 expression was shown to be higher. Altering of
the miRNA levels was shown to reduce the alignment of neurites on nanogrooves. It
is thus reasonable to hypothesize that neurite guidance may be linked to the transient
up-regulation of miR-124 and down-regulation of miR-221 and miR-222 caused by
nanostructured surface.
There has been a lack of knowledge connecting proteins directly involved in
neurite directing with the miRNAs. With the works identified downstream targets of
miR-124, miR-221 and miR-222 in either PC12 or other cell lines, most of them
focused on the roles of these miRNAs in neuronal development and differentiation
[111-113].
On neurite directing literatures, many studies were done with different cell
lines and micrometer scale patterns were used to confine neurites instead of
nanometer scaled patterns to direct them [97, 99-100]. The studies examined the
protein level change but few on the relationship between neurite directing and miRNA.
Though the proteins reported in these papers may be targets of certain miRNAs in the
specific context, they are equally likely to be secondary or tertiary effectors.
Furthermore, as miRNA expression is highly cell dependent as well as context
dependent, it is difficult to correlate the different observations reported in the
literature to different cells. Due to this lack of good knowledge in this particular field,
it will be challenging to look for potential downstream targets and follow through the
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steps to identify miRNA targets. Despite of this difficulty, we have looked into 74
genes reported in the literature that has been identified as targets for miR-124,
miR-221 and miR-222 (see Section 3 of Appendix 2). We have used multiple
databases to predict and guide our selection for potential targets to test. There were
1425 genes predicted by miRror Suite in 12 databases and these genes can be
clustered into 381 clusters according to DAVID. These genes were examined with
rtPCR but no obvious change in expression levels of these genes were identified. It
could be that we missed out the targets of miRNAs we identified due to the sheer
number of potential targets. It is also possible that translation instead of transcription
is regulated by miRNAs. We therefore concluded that more work need to be done in
this area to provide good knowledge on potential targets in neurite directing.
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3.5 Summary
In summary, we have demonstrated directed neurite outgrowth on Si, PI and
PET nanogrooves. The less costly and transparent nature of the polymer substrates
poses advantages over silicon substrates. With the polymer substrates, there is no need
to dye the cells as with the Si substrate. This reduces the experiment time. In some
extreme cases, cells may be killed during the dyeing process and end the experiment.
The curling of PI substrates complicates the fabrication and observation process.
Disintegration of PI poses a problem for future studies where prolonged incubation is
necessary. Our fabrication process provides a high-throughput method to synthesis
PET substrate. With the supply of large quantity of cheap, large area of uniformly
patterned PET substrates, we investigated the participation of microRNAs in the
outgrowth of neurites guided by topological cues. The alteration of miR-124,
miR-221 and miR-222 levels were found to affect the neurite guidance.
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Chapter 4 Synthesis of Co/Pd Nanodiscs on Polyethylene
Terephthalate Substrate
4.1 Introduction
The main challenge today to make magnetic storage is to retain the
magnetization despite thermal fluctuation caused by the superparamagnetic limit as
the size of storage media goes down. Perpendicular recording media has the potential
of larger storage capacity by reducing the self-demagnetization effect that limits the
storage density in the conventional longitudinal recording media [123-125]. Thin
metal films with perpendicular magnetic anisotropy are currently of great interests
[126-129]. The films are easy to magnetize along the direction normal to the film
surface and hence can be used as vertical magnetic recording media.
Among many different materials such as Co/Cr, BaFe12O19 Co/Pd and Co/Pt,
Co/Pd multilayer with high perpendicular anisotropy and good squareness is one of
the most favorable magnetic materials under extensive studies [130-133]. It has been
reported that in a Co/Pd multilayer structure with fixed Co/Pd ratio, it is hard to
magnetize the film plan for Co thickness <1.2nm and when Co thickness becomes
smaller than 0.8nm the easy axis of magnetization shifts from in plane to normal to
the film surface [134]. The magnetic L10 compounds such as FePt, CoPt are of great
interest in magnetism owing their high crystalline anisotropy, high saturation
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magnetization, good corrosion and simple phase structure. The L10 alloys possess
large PMA when the as-deposited fcc texture is transformed into fct texture upon high
temperature under high vacuum (500 – 700°C) [135]. However, the high temperature
process is not suitable for our plastic substrate.
Many attempts have been made to fabricate ordered magnetic nanostructures
using Co/Pd multilayers. For instance, the use of a shadowing mask during chemical
vapor deposition resulted in the formation of an ordered island array 20um wide [136].
Another method uses a SiO2/Si substrate as a template that is pre-patterned by
electron-beam lithography, and nanodisc arrays of Co/Pd multilayers from 30 to 400
nm have been made [137, 138]. An array of mono dispersed spherical polystyrene
particles ranging from 50 to 310 nm was also used as a template for forming nanodisc
arrays of Co/Pd multilayers [139,140]. Moreover, the fabrication of multilayered
Co/Pd nanodisc arrays with pitches ranging from a few micrometers down to 50nm
using advanced lithography methods, such as extreme ultra violet lithography and ion
beam lithography, has been reported [141-143].
In most of the research work on Co/Pd multilayers, the Co/Pd multilayers
were deposited on Si substrate. In this Chapter, we report the fabrication and
characterization of the Co/Pd film and Co/Pd nanodisc arrays on flexible and
transparent plastic substrates. Besides the cheaper cost of plastic materials, the plastic
substrate offers the possibility of fabricating flexible magnetic devices which are very
attractive in the applications of detecting magnetic field in arbitrary surface,
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non-contact actuators, microwave and magnetic memory devices due to the
stretchable, biocompatible, light-weight and portable properties of the plastic
substrates [29, 36-38]. Electronic devices based on rigid silicon wafers are not
suitable for these new applications.
We will first present a literature review on prior work in the field of flexible
devices and fabrication of Co/Pd nanodisc arrays. In the next section, we will
demonstrate the fabrication of Co/Pd nanodisc arrays on PET substrates. The nanodisc
arrays were patterned using the laser interference lithography (IL). In the last section,
we investigate the influences of various process parameters on the magnetic
properties. The magnetic properties of the Co/Pd multilayer films and nanodisc arrays
were characterized using the polar magnetic-optical Kerr effect (MOKE) setup with a
laser spot size of 5 µm. The effects of surface roughness of the PET substrate and the
reflective gold (Au) layer on top of the PET substrate on the magnetic properties of
the films and nanodisc arrays were systematically investigated.
4.2 Literature Review – Devices on Flexible Substrates
Today’s electronic devices are based on Si technology. However, the rigid Si
wafer is not suitable for many new applications requiring flexible substrate.
Comparing to Si, plastic has more advantages as being flexible, stretchable,
biocompatible, portable, significantly lighter and lower cost [144]. The first flexible
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solar cell was made in 1960 by thinning single crystal silicon wafer to 100 μm
marking the beginning of the development of flexible electronics [145, 146].
Nowadays, many commercialized flexible electronic products have entered our life
such as that used in display, radio-frequency identification (RFID), solar cell, lighting
and sensors [147-149].
Kim et al. developed flexible non-volatile resistive random access memory
(RRAM) by the integration of a high-performance single crystal silicon transistor with
a titanium oxide based memristor [150]. The flexible RRAM consists of an 8x8
memory cell matrix in a NOR type array with an active area of 11 cm2 on a 25 μm
thick polyimide film. Figure 4.1(A) is a schematic of the device structure for the 8x8
flexible RRAM array. Figure 4.1(B) is the optical image of the RRAM array. Figure
4.1(C) shows the cross-sectional HRTEM image of the top interface layer (TIL) and
bottom native AlOx layer of Al/a-TiO2/Al structure. Figures 4.1(D) and (E) are photos
of the flexible RRAM device. Despite the limited memory cells, Kim’s work provides
a new approach to high-performance nonvolatile memory for flexible electronic
applications.
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Figure 4.1 (A) A schematic of the device structure for an 8 × 8 matrix flexible RRAM
on a plastic substrate. All memory cells are interconnected in a NOR type array for
random access operation of the memory. The inset shows schematics of the model for
resistive switching of the a-TiO2 based memristor. The arrows in the inset depict the
direction of the movement of oxygen ions. (B) A magnified optical image of the unit
cells of RRAM array. The inset shows the structure of a memory unit cell of the
1T-1M RRAM and the corresponding circuit diagram. (C) A cross-sectional BFTEM
image of an Al/a-TiO2/Al structure on a plastic substrate. The upper inset shows the
STEM energy dispersive spectroscopy (EDS) elemental mapping of Ti (green), O
(blue) and Al (red). The lower inset shows the cross-sectional HRTEM image of the
top interface layer (TIL) and bottom native AlOx layer of Al/a-TiO2/Al structure. (D)
A photograph of the flexible RRAM device and a magnified view of unit cells. The
metal (Au) pads are connected to WLs, BLs and SLs for accessing each 1T-1M
memory unit cell. The inset shows a magnified view of four memory unit cells and
presents the mechanical stability in a bent state. (E) A photograph of the flexible
RRAM device wrapped on a quartz rod. The inset shows that the flexible RRAM can
provide conformal contact on curvilinear surfaces of two disposable pipets [150].
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Leppaniemi et al. reported flexible write-once-read-many (WORM) memory
devices by roll to roll printing process [151]. The device utilizes rapid electrical
sintering of silver nanoparticles (NPs) for the low-voltage bit write process.
Commercial silver nanoparticle ink and electrodes were printed on flexible low cost
plastic substrate as shown in figure 4.2(A). The writing of the memory bit is
irreversible. To demonstrate the application of the WORM device, 1,000 electrical
questionnaire cards were manufactured using this technique for the Printed
Electronics Europe 2011 conference as voting card for the best booth at the
conference. However, the stability of the memory bit declines over time especially
with elevated temperature and moisture, e.g. a rapid decline in less than 3 hours was
observed when exposed to 85 °C and 85% relative humidity. A slow decline was
observed for device stored for 4 months in dark with a desiccant at ambient
conditions.
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Figure 4.2 (A) Photograph of a printed WORM memory bank with 26 bits (1 mm
pitch) with contact electrodes and a common electrode. Right: an optical microscope
image of the bit layout. The bit size is approximately W= 200μm and L=300 μm. (B)
A printed questionnaire card with a R2R printed12-bit WORM memory bank, flexible
battery and a Si-based light-emitting-diode assembled together as a system. The
graphical printing, screen printing of electrical wiring with a conductive silver ink and
the card assembly were performed at Stora Enso Oyj. (C) R2R flexographic printing
of WORM memory banks for the questionnaire card with VTT’s ‘ROKO’ printing
line. (D) WORM memory bank pre-sintering and the readout device. The electrical
contacts were realized using an array of spring-loaded probes [151].
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Magnetic materials are important for electronic devices due to the wide
applications in actuators, memories, sensors, microwave devices, transformers and
energy generation [152-155]. Because of the wide applications of the magnetic
materials, it is natural to incorporate magnetic materials into flexible electronics. The
flexibility of plastic offers the capability to be integrated with magnetic materials to
produce flexible magnetic devices which are very attractive in various applications
[29, 36-38]. Melzer et al. recently fabricated [Co/Cu] multilayers on elastic PDMS
membranes revealing a giant magnetoresistance (GMR) effect [156]. The GMR
performance of [Co/Cu] multilayers on PDMS is similar to that on rigid silicon and
does not change with a stretch up to 4.5%. The study has attracted a lot of interests
due to the potential applications in detecting magnetic field in living organisms. Dai et
al. fabricated magnetostrictive Fe81Ga19 films on flexible PET substrates [157]. A
uniaxial magnetic anisotropy is observed for the as-grown Fe81Ga19 films. The
hysteresis loops for the films under tensile and compressive strains were studied. The
results provide an alternative way to mechanically tune magnetic properties.
Mönch et al. have fabricated a fully integrative rolled-up GMR sensor for
detection of magnetic particles [29]. GMR sensors are highly efficient in detecting
magnetic particles due to their high magnetic field sensitivity. However, magnetic
particles are usually used in the micro-fluidic studies. A flexible sensor which could
surround the fluidic channel can significantly improve the sensitivity for detecting
magnetic particles, as show schematically in Figure 4.3. This flexible and rolled-up
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GMR sensor fabricated by Mönch et al. gave better signal-to-noise ratio, and
magnetic particles in a micro-fluidic channel can be easily detected and counted. A
disadvantage of this rolled-up GMR sensor is that the intensive lithography
processing makes the fabrication expensive and time consuming.
Figure 4.3 Schematic Diagram of rolled-up GMR sensor for in-flow detection of
magnetic particles in micro-fluidic channel [29].
Melzer et al. reported another way to prepare the low-cost flexible GMR sensors.
The preparation process is shown in Fig. 4.4(A) [158]. The GMR ratios obtained from
samples fabricated on rigid Si and on PDMS coated Si are similar. After peeling off
the PDMS, the GMR values remained the same. After preparation, the optimized
GMR sensors are wrapped around the circumference of a Teflon tube so that the stray
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fields induced by magnetic particles passing through the tube could be detected in all
direction [30].
Figure 4.4 (A) Schematic diagrams of the fabrication process of stretchable spin-valve
structure. (B) Elastic GMR sensor wrapped around the circumference of a Teflon tube.
The magnetic particles are approaching the GMR sensor. (C) Several consecutive
detection events of particles passing the elastic GMR sensor [158].
Memory is an important component of an electronic device. Flexible Magnetic
memory is an important application of flexible magnetic device and eventually would
be integrated into flexible electronics. Co/Pd multilayer with high perpendicular
anisotropy and good squareness is one of the most favorable magnetic materials under
extensive studies for vertical magnetic recording media [130-133]. It has been
reported that in a Co/Pd multilayer structure with fixed Co/Pd ratio, it is hard to
magnetize in the film plan for Co thickness <1.2nm and when Co thickness becomes
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smaller than 0.8nm the easy axis of magnetization shifts from in plane to normal to
the film surface as shown in Figure 4.5 [134].
Figure 4.5 Magnetic hysteresis loops measured with a vibrating sample magnetometer
at 300k with applied magnetic field in the plane of the film (dashed curve) and
perpendicular to the film surface (solid curve): (A) λ=91.8Ǻ, T=4.9 Ǻ; (B) ) λ=85.6Ǻ,
T=7.2 Ǻ; (C) λ=85.4Ǻ, T=9.7 Ǻ; λ=92.0Ǻ, T=13.0 Ǻ [134].
Thomson et al. demonstrated the switching field distribution (SFD) in arrays
of 50 nm to 5 μm Co/Pd elements with perpendicular anisotropy [159]. Co/Pd
multilayer films were dc sputtered onto pre-patterned Si/SiO2 substrates at room
temperature. The substrates were patterned using EBL to create islands on length
scales from a few tens of nanometers to hundreds of microns. Figure 4.6 shows
Magnetic Force Microscope (MFM) images of the fabricated Co/Pd dots. Nanodots
with diameter larger than 200nm show multi-domain magnetic state.
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Figure 4.6 MFM images showing the magnetic state of (A) 5 μm, (B) 500nm, (C)
200nm and (D) 50 nm to islands following ac demagnetization. Multidomain ground
state is clearly visible for islands 200 nm and greater [159].
In most of the research work on Co/Pd multilayers, the Co/Pd multilayers
were deposited on Si substrate. There were various studies in depositing magnetic
films on flexible substrate. Fabricating magnetic films directly on flexible substrates
is a straightforward way to fabricate flexible magnetic films. Polyethylene
terephthalate (PET), polyethylene naphthalate (PEN), polyethersulphone (PES),
polyimide (PI), and polydimethylsiloxane (PDMS) are the most used flexible
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substrates [160]. These plastic materials are highly flexible and cost effective [161].
Most of the plastic cannot endure a high-temperature treatment [162], but they are still
suitable for fabrication of most of magnetic films and devices because of the near
room temperature deposition. Chen et al. fabricated flexible Co/Cu GMR multilayers
on polyester substrates by dc magnetron sputtering [163]. Figure 4.7(A)
schematically shows the film structure.
Figure 4.7 (A) Schematic illustration of (Co/Cu) N films deposited on Si and flexible
substrates. (B) A photographic image of circularly bended (Co/Cu) 20 film deposited
on polyester substrate. [164]
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Figure 4.7(B) is a photo of circularly bended Co/Cu multilayer deposited on polyester
substrates. Before deposition the Co/Cu multilayer, photoresist buffer layer has been
spin-coated as a buffer layer to reduce the surface roughness. GMR values of Co/Cu
multilayers on buffered flexible substrates are even larger than those on thermally
oxidized Si substrates due to an increased antiferromagnetic coupling fraction. The
GMR effect can be tuned mechanically by substrate stretching.
Those flexible memories fabricated on plastic substrates still have issues such
as limited memory capacity and declining stability. GMR sensor fabricated on flexible
polymer substrate is discussed as an example of flexible magnetic devices. The
reported GMR ratios of flexible GMR sensors are similar to or even larger values than
that on rigid Si substrates. The study of Co/Pd multi-layer as vertical magnetic
recording media are usually carried out on Si substrate. In our study, we fabricate
Co/Pd nanostructures on flexible PET substrates to investigate the magnetic behaviour.
Our methods using IL and DC sputtering provides an easy method to create
sub-micron sized nanodisc arrays on flexible substrate.
4.3 Fabrication of Co/Pd Nanodiscs on PET Substrates
Figure 4.8 shows a schematic diagram for the fabrication process of Co/Pd
nanodiscs on PET substrate. To fabricate Co/Pd nanodisc arrays, Au films with
different thickness (0, 10, 30 and 60nm) were first evaporated onto PET substrates
using a thermal evaporator at a base pressure of 2 x 10-6 Torr. Negative photoresist
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(TSMR-i032) was spin-coated on top of an anti-reflection coating (ARC Wide-B)
layer.
The ARC was spin-coated at 3000 rpm for 1 minute. The film was then baked
on a hot plate at 100°C for 30 seconds. This would drive away residual solvent and
release the stress in the film. Subsequently, the film was baked at 168°C for 1 minute
to crosslink the polymer giving appropriate solubility and optical properties to reduce
reflection during lithography exposure. After baking, the thickness of ARC was
measured to be around 70 nm by SEM. The TSMR-i032 negative photoresist was
spin-coated on top of the ARC layer at 6000 rpm for 1 minute. The film was then
baked on a hot plate at 90°C for 90 seconds. The thickness of photoresist was
measured to be around 260nm.
Figure 4.8 Schematic diagrams showing fabrication steps of the creation of Co/Pd
nanodisc arrays on PET.
 
















IL was used to define the pattern on the resist layer, as this technique can
easily cover a large area of substrate within a short period of time. The IL was that of
the Lloyd’s mirror setup with a 325 nm helium-cadmium (He-Cd) continuous wave
laser as the light source. Two exposures at a 90° relative orientation were used to
create a periodic square array of holes in the resist layer. Details of the IL system and
patterning process are described in Chapter 2.
Figure 4.9 shows the optical micrograph image of a TSMR-iN032 negative
photo-resist layer that has been exposed with θ fixed at 14°. After the first exposure,
the sample was rotated at 90° followed by a second exposure. After a post-exposure
bake at 110˚C for 90s, the exposed photoresist (PR) was then removed in an
NMD-032 developer for 1 minute. This gave rise to the holes array with a periodicity





Figure 4.9 Optical micrograph of nanohole resist arrays patterned on PET substrate
using IL.
After IL exposure and development, PR/ARC holes on Au/PET substrates
were obtained. The sample would then go through O2 plasma etching with the plasma
power fixed at 40W, the oxygen pressure at 0.4 mbar and etch time of 10 seconds.
The O2 plasma etching helped to remove any PR/ARC residues inside the holes which
would affect the following lift-off process.
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Figure 4.10 SEM pictures of Co/Pd nanodiscs on PET.
Pd layer of 5nm and four multilayers of [Co(0.5 nm)/Pd(3 nm)] were then
sputtered onto the substrate using an AJA ATC-2200 V magnetron sputtering
machine at 3 mTorr Ar pressure at room temperature. The 5 nm Pd layer was used as
a seed layer to enhance the perpendicular anisotropy. The base pressure of the
chamber was better than 2 x 10-8 Torr. Lift-off process was carried out using the
NMD-032 developer as ARC is soluble in the developer. After liftoff, Co/Pd nanodisc
arrays were left on the substrate, as shown in Figure 4.10.
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4.4 Influences of Process Parameters on Magnetic Properties of
Co/Pd Nanodiscs
4.4.1 Effect of Au Intermediate Layer
The magnetic behavior of the Co/Pd multilayer dots were characterized using
the polar magnetic-optical Kerr effect (MOKE). MOKE measurement describes the
changes of light reflected from a magnetic surface. The Kerr rotation and ellipticity of
the light will change depending on the magnetization. MOKE is also known as
surface MOKE because the penetration depth of the laser is only up to several tens of
nanometers for most metals which means that MOKE is particularly surface sensitive
[177]. The Kerr signals (εk and θk) are proportional to the magnetization and thickness
of the magnetic thin film.
MOKE can be further categorized by the direction of the magnetization vector
with respect to the incidence plane of the laser, namely, polar, longitudinal and
transversal configurations. Figure 4.11 is the schematic demonstration of the three
configurations.
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Figure 4.11 Schematic diagrams of MOKE with (A) Polar; (B) Longitudinal; and (C)
Transverse configurations.
In polar MOKE, the applied magnetic field H is perpendicular to the reflection
surface and parallel to the plane of incidence. Thus it is sensitive to the perpendicular
component of the magnetization. To simplify the analysis, near normal incidence is
usually employed when doing experiments in the polar geometry. The longitudinal
MOKE has H parallel to both the surface and the plane of incidence. The longitudinal
setup involves light reflected at an angle from the reflection surface and not normal to
it. It is sensitive to the in-plane component of the magnetization. The transversal
MOKE has H applied parallel to the surface and perpendicular to the plane of
incidence.
In this study, polar MOKE was utilized for the measurement of hysteresis
loops of Co/Pd multilayers. Shown in Figure 4.12(A) are schematic illustrations of a
typical polar MOKE setup. An ultra-low noise HeNe laser with a wavelength of 635
nm was used as the light source. This was followed by a beam expander which
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expanded the laser spot to about 1cm to attain collimated light and by an aperture to
define the spot shape.
Figure 4.12 (A) Schematic diagram and (B) Experimental setup for polar MOKE
measurements.
The collimated beam became linearly polarized after passing through a
polarizer and was then focused on a magnetic sample by an achromatic doublet lens.
The lens has a diameter of 20 mm, a focal length of 50 mm and an infinite conjugate
ratio, which gives a spot size of ~5μm. The linearly polarized light was focused on a
magnetic sample through a small hole of one electromagnet. The magnetic field was
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applied along out-of-plane direction of the sample. The incident beam was normal to
the sample surface and reflected back along the same path. This reflected light was
split by a cubic lens, which is capable of both transmission and reflection, and
collected by an AC detector after passing through the PEM and analyzer. The
corresponding experimental setup of the polar MOKE is shown in Figure 4.12(B).
We discovered that this technique could not obtain meaningful results from the
Co/Pd nanodisc samples with an Au layer thickness (tAu) of 0 to 10nm. This is due to
the fact that MOKE detects the changes to the reflected laser beam from a magnetized
sample surface. When the polarized light is reflected off the sample material, a change
in polarization occurs. The changes in polarization are converted by an analyzer into
changes in magnetization of the surface material. As the PET substrate used in this
study is transparent to the laser beam, introducing an Au intermediate layer
sandwiched between the PET substrate and the Co/Pd multilayers is helpful to
enhance the laser reflection, which consequently improves the MOKE signal. We
could not capture MOKE signal for plain PET substrates and PET substrates with
gold layer of 10nm as we have difficulty in producing accurately Au thickness of less
than 5nm.
Figure 4.13 shows the hysteresis obtained from MOKE measurements of
Co/Pd nanodisc arrays with tAu =30nm and 60nm. With the help of thicker Au films
(tAu = 30nm and 60 nm), both hysteresis loops show good squareness, indicating the
strong perpendicular anisotropy of the Co/Pd nanodisc arrays. The switching fields for
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the two samples in Figure 4.13 are similar despite of the different Au intermediate
layer thicknesses. This is reasonable because the nanodisc sizes were the same and an
Au intermediate layer of 30 nm was sufficient to effectively reflect the laser light for
good MOKE measurements. Note that the magnetic property of Co/Pd multilayer is
dependent on the surface condition of the substrate. The insertion of Au layer will
inevitably change the magnetic behavior. We will discuss the effect of gold layer on
magnetic property of the Co/Pd multilayer in the next section.
Figure 4.13 Hysteresis loops of Co/Pd nanodisc arrays for (A) tAu = 30nm; and (B) tAu
= 60nm on top of PET substrate.
4.4.2 Effect of PET Substrate
We have also examined the effect of surface roughness of the PET substrate
on the magnetic properties of the Co/Pd films and nanodisc arrays. For this, two types
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of plastic substrate were used. The first type of PET substrate was the commercial 3M
transparency film (Type I) and the second type was a much smoother Aldrich
639303-5EA PET film (Type II). Au layers with three different thicknesses (10, 30
and 60 nm) were deposited on these PET substrates by thermal evaporation at a base
pressure of 2x10-6 Torr.
Figures 4.14 and 4.15 show AFM results on the surface morphologies of 0, 10,
30 and 60nm thick Au films deposited on the Type I and Type II substrates,
respectively. The surface roughness and grain size of these two types substrates
extracted from the AFM results are shown in the respective figures.
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Figure 4.14 AFM images of the surface of Type I transparency substrates: (A) Plain
surface, and coated with (B) 10nm, (C) 30nm and (D) 60nm Au film. (E) and (F) are a
plot of the surface roughness and the grain size extracted from the AFM images
shown in A-D.
Figure 4.14 shows that as the Au layer thickness increases from 10 to 60 nm
the surface roughness is around 20 nm and mean grain size increases from 59.7 to
93.62 nm for the Type I substrate.
99
Figure 4.15 AFM images of the surface of Type II transparency substrates: (A) Plain
surface, and coated with (B) 10nm, (C) 30nm and (D) 60nm Au film. (E) and (F) are a
plot of the surface roughness and the grain size extracted from the AFM images
shown in (A-D).
For the Type II substrate, the surface roughness increases from 1.71 to 4.25
nm and the grain size increases from 20.98 to 42.46 nm, respectively, as the Au
thickness increases from 10 to 60nm (see Figure 4.15). Similar dependence of Au film
roughness and grain size on film thickness has been previously observed by Melo et
al. [164], Zhou et al. [165] and Herrasti et al. [166]. The increase in the film
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roughness was attributed to the shadowing effect and grains coalesce to form larger
grains during the deposition of Au by evaporation [165, 166].
Figures 4.16 (A) and (B) show the MOKE measurements of Co/Pd multilayer
film deposited on Type I and II PET substrates. It can be observed that with increased
gold layer thickness the MOKE signal becomes stronger, as discussed in Section 4.4.1.
Type I substrates are much rougher and have larger grains than Type II substrates.
MOKE measurements of samples on both Type I and Type II substrates with tAu = 30
and tAu = 60 nm gave square hysteresis. The slope of Type I samples has a smaller
gradient than that of Type II samples. This means that the Type I samples have a
larger switching field distribution. Type I samples give a larger coercivity (Hc)
compared to the corresponding Type II samples, as shown on Figure 4.16 (C). Media
with high coercivity and small switching field distribution are desirable for recording.
Material with high coercivity is more stable and hard to switch. This is good for data
storage. However, this also means it is hard to write information.
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Figure 4.16 Polar MOKE loops of Co/Pd multilayer films deposited on (A) Type I
substrate and (B) Type II substrate with different Au intermediate layer thicknesses tAu.
(C) A plot of coercivity of Co/Pd multilayer films as a function of tAu.
We suggest that the combined effect of increased mean grain size and film
roughness is responsible for the difference in magnetic properties between the
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samples deposited on Type I and II substrates. The magnetization reversal of Co/Pd
multilayer films occurs via reversed domain nucleation followed by rapid domain
wall motion [159]. The film roughness may constrain domain wall motion hence
retard the magnetic switching of the multilayer films. In other words, increased film
roughness results in larger coercivity, as shown in Figure 4.16(C).
Additionally, larger grain size also favors higher coercive field. The magnetic
properties of an assembly of small grains depend strongly on the counter play of local
magnetic anisotropy energy and ferromagnetic exchange energy. The effective
anisotropy for the magnetic behaviors is an average over several grains. For small
grains, the lateral exchange interactions forces the magnetic moments to align parallel
thus reducing the effective perpendicular anisotropy [167]. For large grains, the
magnetization can follow the magnetic easy axis in the grains and domains can be
formed within the grains. Larger grain size favors increased coercive field due to
enhanced effective anisotropy resulting from reduced lateral exchange interactions
between grains [168]. Thus, type II samples with smaller grains have smaller
coercivities due to reduced effective anisotropy. The coercivity of Co/Pd multilayer
films obtained is in the range of 500 Oe to 2 kOe. Koda et al. [169] and Wi et al. [170]
reported Co/Pd films with coercivity of 1.3kOe and 1.1kOe, respectively. The
coercivity of Co/Pd multilayer can be easily adjusted to meet requirements by tuning
the thickness of individual layers and repeat number of the multilayer [170-173].
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4.4.3 Co/Pd Multilayer Film versus Nanodisc Arrays
As mentioned earlier, we could not obtain hysteresis of Co/Pd nanodisc arrays
on PET without Au layer. We have estimated that the Co/Pd nanodisc arrays have
56% less material than the Co/Pd film sample. This reduction in amount of Co/Pd
reduced the MOKE signal of the nanodisc arrays and without the help of Au layer to
increase the reflection, MOKE signal cannot be picked up from Co/Pd nanodisc
arrays on PET substrates.
Figure 4.17 shows the MOKE results of three types of samples: (i) Co/Pd
multilayer film deposited on PET substrate, (ii) Co/Pd multilayer film deposited on
Au/PET substrate and (iii) Co/Pd nanodisc arrays deposited on Au/PET substrate.
Comparing the results of samples (i) and (ii) in Figure 4.17, it can be clearly observed
that the coercivity of the Co/Pd multilayer is significantly enhanced from 400 Oe to
1kOe due to the presence of the intermediate Au layer. The coercivity is further
increased when the Co/Pd multilayer film is patterned into nanodisc arrays (1.8kOe,
sample (iii)). This may suggest a different magnetization reversal mechanism in the
patterned Co/Pd multilayer nanostructures. Magnetization reversal of Co/Pd
multilayer films occurs via reversed domain nucleation followed by rapid domain
wall motion. The magnetization reversal process is governed by a few domain
nucleation sites which are usually the softest area with the lowest anisotropy. In the
case of patterned Co/Pd discs, the probability of finding such nucleation sites is
reduced due to the reduced film area in the patterned nanostructures [174].
104
Figure 4.17 MOKE loops of samples (i) Co/Pd multilayer film deposited on PET
substrate; (ii) Co/Pd multilayer film deposited on Au/PET substrate; and (iii) Co/Pd
nanodisc arrays deposited on Au/PET substrate. The thickness of the Au intermediate
layer was 30nm.
The thickness-to-width ratio (α) of our Co/Pd multilayer film sample is
19x10-7, and is smaller than the thickness-to-diameter ratio of dots (~0.042). This
resulted in stronger shape anisotropy (K) given by [175]:
2( 2 )dotshape dot sK N M  (4.1)
where 22 sM is the shape anisotropy of continuous film and Ndot is
demagnetization factor. In the case of continuous film, N=1. As the feature size
reduces to dots (N = 0.89 for α =0.04), the demagnetizing effect decreases [176].
This shape anisotropy favors in-plane magnetization which reduces the perpendicular
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anisotropy [55]. Thus, dots have higher effective anisotropy than film due to smaller
demagnetizing effect. The increase of coercivity of nanodisc arrays compared to film
might be due the presence of fewer nucleation sites and higher anisotropy resulted
from the decrease in demagnetizing effect.
4.5 Effect of stress on Co/Pd film and nanodisc arrays on PET
substrate
In this section, we examine the effect of mechanical stress on the magnetic
behavior of the Co/Pd film and Co/Pd nanodisc arrays on PET substrate. Figure 4.18
demonstrates the fixtures with different curvatures used to bend the PET substrates
deposited with Co/Pd multilayers. The samples were stress tightly to the fixture and
secured firmly by taping the side of the PET substrate with sticky tape. The fixtures
were obtained by cutting curved plastic objects to a size of 2cm x 3cm (~ 6 cm2 in
footprint) that can be placed in machine for MOKE measurements. The laser spot was
focused at a position at the tip of the fixture where the maximum stress would be
exerted on the samples.
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Figure 4.18 Pictures of fixture of different curvatures used for the stress
measurements of Co/Pd samples on PET substrates. The fixtures are identified as
curvatures A, B and C.
Figure 4.19 shows the MOKE results of Co/Pd multilayer films on PET
substrate with Au intermediate layers of 30 and 60 nm. Both samples exhibited
smooth MOKE characteristics with the sample with 30nm Au intermediate layer
shows a smaller hysteresis with gentle slope as compared to that of the 60 nm sample.
These results are different from the MOKE results for the Co/Pd nanodisc array
samples in that only the sample with a Au intermediate layers of 60nm showed
smooth hysteresis loop (see Figure 4.13). We would like to suggest that comparing
the nanodisc samples to that of thin film samples, the thin film samples have abundant
Co/Pd such that a 30 nm Au intermediate layer would be sufficient to reflect enough
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MOKE signal for smooth hysteresis loop. For the nanodisc array samples, due to the
smaller amount of Co/Pd (56% lesser, see Section 4.4.3), it required a thicker Au
intermediate layer (i.e. 60 nm) to get a smooth hysteresis loop.
We have shown in Section 4.4.2 that the roughness of the PET substrate (see
Figure 4.16) affects the width of the hysteresis of the Co/Pd films but not the
smoothness of the MOKE signal (for samples with intermediate layer thickness > 30
nm). We therefore, conclude that the smoothness of the MOKE signals for our Co/Pd
samples is related to the thickness of the Au intermediate layer and the amount of
Co/Pd.
Figure 4.19 MOKE results of Co/Pd films on PET substrate fixed on flat surface with
Au intermediate layer thickness of 30 and 60 nm.
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Figure 4.20 shows the MOKE results of Co/Pd film on PET substrate fixed on
flat and curved surfaces. The MOKE results show that the magnetic behavior of the
Co/Pd multilayer films on flat and curved surfaces are the same. This suggests that
stress induced by the curved surfaces of the fixtures does not affect the magnetic
property of Co/Pd multilayer films. We will discuss this observation after we have
examined the effect of stress on the nanodisc array samples.
Figure 4.20 MOKE results of Co/Pd multilayer films on PET substrates fixed on (i)
flat surface; (ii) curvature A; (iii) curvature B and (iv) curvature C fixtures. The
thickness of the Au intermediate layer is 60 nm.
Figure 4.21(a) shows the MOKE results of Co/Pd nanodisc arrays on PET
substrate with a 60nm-thick Au intermediate layer fixed on (i) flat surface; (ii)
curvature A; (ii) curvature B and (iii) curvature C. It can be observed that the
switching field of Co/Pd nanodisc arrays is reduced from 1.8kOe to 1.5kOe when one
compared the results of samples fixed on the flat and curved surfaces. However, the
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switching field of the nanodisc samples remain the same when stressed with different
curved fixtures. Figure 4.21(b) shows the MOKE results of Co/Pd nanodisc arrays on
PET substrate with a 30nm-thick Au intermediate layer fixed on (i) flat surface; (ii)
curvature A; (iii) curvature B and (iv) curvature C fixtures. Similar to results shown in
Figure 4.21(a), the switching field decreased when one compared the results of
samples fixed on flat to curved surfaces as the substrate is fixed onto curved surfaces.
Figures 4.22(a), (b) and (c) show a comparison of the MOKE results of Co/Pd
nanodisc arrays on PET substrates fixed on curvature A, B and C fixtures. It can be
seen from these figures that, irrespective of the different curvatures, the samples with
30 nm Au intermediate layer always demonstrate a smaller hysteresis width. We
notice no systematic change in the hysteresis with respect to change in curvatures.
There is also no systematic trend in the variation of the slope of the hysteresis with




Figure 4.21 (a) MOKE results of Co/Pd nanodisc arrays on PET substrate fixed on (i)
flat surface; (ii) curvature A; (iii) curvature B and (iv) curvature C fixtures. The
thickness of the Au intermediate gold layer is 60nm; (b) MOKE results of Co/Pd
nanodisc arrays on PET substrate fixed on (i) flat surface; (ii) curvature A; (iii)
curvature B and (iv) curvature C fixtures. The thickness of the Au intermediate gold





Figures 4.22 MOKE results of Co/Pd nanodisc arrays on PET substrates fixed on (a)
curvature A, (b) curvature B and (c) curvature C fixtures with Au intermediate layer
thickness of 30 and 60 nm, respectively.
As discussed in Section 4.4, magnetization reversal of Co/Pd multilayer films
occurs via reversed domain nucleation (i.e. the existence of soft spots) followed by
rapid domain wall motion. [159] On the other hand, Chen et al reported that strain
would cause changes to the magnetic domains and thus affecting the hysteresis loop.
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[181] For Co/Pd multilayer films (see Figure 4.19), we do not observe changes in the
hysteresis loops when the samples were under stress. As compare to nanodisc arrays,
one would expect larger number of nucleation sites to be found in thin film samples,
and hence would resulted in faster switching and smaller hysteresis width. However,
the domain wall motion may be very efficient in that once a nucleation sited is
switched, the propagation of domain wall proceeds very quickly such that even the
effect of stress on domain was masked out by this effect.
In the case of nanodisc samples, the possibility of finding a nucleation site is
reduced as compared to thin film samples, and this resulted in the increase in the
hysteresis width and the domain wall motion is no longer the dominating factor. We
suggest that, for the nanodisc samples, the applied stress increase the number of
nucleation sites and hence resulted in easier switching and smaller hysteresis width.
We also like to suggest that a thicker Au intermediate layer (60 nm) will be more
effective in stress relaxation such that lesser stress will be applied to the Co/Pd and
resulted in wider hysteresis loop as compare to samples with thinner Au intermediate
layer (30nm).
Finally, we would like to present some preliminary results on our estimation
of the role played by magnetoelastic effect on our samples. By fixing the samples
onto curved surfaces, strain may be experienced by the Co/Pd samples. Due to
magnetoelalstic effect (ME), the magnetic behavior of the sample may be affected by
the induced strain if the ME anisotropy overcomes the shape anisotropy
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( shapeME KK  ). As described earlier (see Eq. (4.1), the shape anisotropy of the Co/Pd





where s is the magnetostriction coefficient, E is the Young’s modulus and  is







Using published data [189], Ms = 450 emu/cm3, 1060s 6 , E =130 dyne/cm2
and with Nz = 0.885 and Nx,y =0.0573 (estimated by averaging values of Co and Pd
[190]), 109.62 = εz  -3  0.01 and 106.23 = ε yx,  -4 would be needed for ME
anisotropy to overcome the shape anisotropy. The strain required along the z-direction
( zε ) at ~ 0.01 meaning 1% deformation along the z-direction. Chen et al. [181]
reported that Co films responded to strain values from 0.75% to 3.71%, and different
strains resulted in similar hysteresis loops and were different from the hysteresis loop
without strain. Our calculated strain value of 1% is within the range used by Chen et
al. and thus suggests that the ME anisotropy may be a factor in the observed
modification of magnetic behaviors. At present, we are not able to provide a
satisfactory answer to the variation in the slope of the hysteresis loop of our Co/Pd
nanodisc array samples. One may have to await for more future in-depth theoretical
study on this topic before future experiments can be planned.
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A possible future investigation in this direction would be to fabricate nanodisc
arrays of different sizes (from 100 µm down to 10 nm) and observe the effect of stress
on the MOKE responses. With these experiments, one may identify the effect of
geometry and stress on the magnetic properties of the nanodisc arrays and may
provide clues to the possible role plays by domain walls. Another area to work on
would be to provide quantitatively data from the stress measurements. For example,
an electromechanical testing machine (Instron 8562) was used for this purpose.
tension.[181]
4.5 Summary
In conclusion, we have fabricated the Co/Pd multilayer film and nanodisc
arrays on PET substrates. Co/Pd nanodisc arrays were fabricated on templates using
laser interference lithography. MOKE measurements were used to characterize the
magnetic properties of Co/Pd film and nanodisc arrays. The effects of surface
roughness and grain size on the hysteresis were investigated. We concluded that the
thickness of the intermediate Au layer had to be larger than 10 nm for the MOKE
measurements. The Au film served as a reflection to enhance the MOKE
measurements. The hysteresis of multilayer films deposited on smooth PET has better
squareness and smaller coercivity than that on rougher transparency. The Co/Pd
nanodisc arrays have larger coercivity than that of film due to reduced nucleation sites
of reversed domain and decreased demagnetizing effect. Finally we investigated the
effect of stress on Co/Pd film and nanodisc arrays on PET substrate.
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Besides fabricating magnetic nanodisc arrays for magnetic memory study,
our process to deposit magnetic film and nanostructures on PET substrates can also be
extended to create GMR sensors. With careful choice of the polymer substrate and
magnetic structures, GMR sensor on flexible substrate can be fabricated. The flexible
GMR sensor can be rolled up to wrap around a microfluidic channel as described in
section 4.2.
116
Chapter 5 Conclusions and Future Work
5.1 Summary
This thesis reports the results on the fabrication of cost-effective and flexible
polymer nanostructured substrates and explores potential applications in biomedical
and magnetic fields.
Firstly, the study focused on the synthesis of nanostructures on low cost, off
the shelf, office transparency sheets made of polyethylene terephthalate (PET) using
interference lithography (IL) and plasma etching techniques. We have demonstrated
the fabrication of nanogrooves and nanopillars on transparency substrates using this
method. The effects of chemical and physical etching are discussed. Oxygen plasma
chemical removes the polymer and the etching is isotropic. Nanogrooves can be
fabricated using oxygen plasma. Ar sputtering provides a more anisotropic etching.
Substrates are physically removed by ion bombardments. Ar sputtering is used to
fabricate nanopillars which have higher aspect ratio comparing to nanogrooves. Our
method is desirable due to the simplicity and low cost of the fabrication process for
the production of periodic nanostructures in relatively large area (1 cm2).
Secondly, the study focused on the study of neurite outgrowth. The
experiments were first carried out on Si based nanostructures. We then demonstrated
the fabrication of polyimide and PET nanogrooves, and found that the PET
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nanogrooves are better candidate for this study. In the work of Johansson et al. [34]
the nanoimprinted PMMA anogrooves have a width of 800 nm and period of 1 μm,
which is comparable to the dimensions of our PET nanogrooves. The Si masters used
in the work were patterned using EBL and fabricated by plasma etching. Comparing
to IL, EBL is a more costly and slower process. The maximum patterned surface was
only 200μm by 200μm. Our PET substrates can cover 1cm by 1cm. With the supply
of large quantity of cheap, large area of uniformly patterned PET substrates, we
investigated the effects of microRNAs in the outgrowth of neurites guided by
topological cues.
Lastly, we reported the fabrication and characterization of the Co/Pd film and
nanodisc arrays on PET substrates. Polar magnetic-optical Kerr effect measurements
(MOKE) are used to characterize the magnetic properties of Co/Pd film and nanodisc
arrays. The effects of surface roughness of the PET substrate and a reflective gold (Au)
layer on top of the PET substrate on the magnetic properties of the Co/Pd films and
nanodisc arrays were systematically investigated. The thickness of the intermediate
Au layer has to be larger than 10 nm for meaningful MOKE measurements. We
found that the hysteresis of multilayer films deposited on smooth PET has better
squareness and smaller coercivity than that on rougher transparency. We suggest that
the Co/Pd nanodisc arrays have a larger coercivity than that of film due to reduced
nucleation sites of reversed domain and decreased demagnetizing effect. In prior
studies in Co/Pd nanodisc arrays, Si or quartz were used as the substrates. In our study,
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Co/Pd film and nanodisc arrays on PET substrates exhibits similar magnetic behaviors
as those on rigid substrates. Our work suggests the possibility to have magnetic
memory disc arrays on flexible polymer substrates. We have carried out preliminary
examination on the effect of mechanical stress on the magnetic behavior of the Co/Pd
film and Co/Pd nanodisc arrays on PET substrate. We found that the MOKE responses
of the Co/Pd film were not affected by mechanical stress. The hysteresis loop reduced
by a constant value for the stressed Co/Pd nanodisc array samples for different
stresses applied. We have provided explanations based on nucleation sites and domain
wall motions for the results observed. A simple estimation of the magnetoelastic effect
on the Co/Pd samples suggested that the magnetoelastic anisotropy may be a factor in
the observed modification of magnetic behaviors of our samples.
In conclusion, we demonstrated the fabrication of PET nanostructures over a
large area. We used as-fabricated PET nanogrooves for the neurite outgrowth studies.
With a ready supply of large number of PET substrates, we were able to carry out
research on the effects of microRNAs in the neuronal outgrowth of cells on
nanostructured surface. Lastly, we demonstrated the fabrication of magnetic nanodisc
arrays on PET substrate for future study on magnetic memory on flexible substrate.
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5.2 Future work
5.2.1 Improvement in aspect ratio of polymer nanostructures
We have fabricated high-aspect ratio nanopillars using Al hard mask.
However, such nanopillars tend to bend and clamp together instead of standing
straight. Hence, there is a need to explore other materials for high-aspect ratio
nanostructures which may broaden its potential applications. For example,
high-aspect ratio nanopillar arrays on the surface of silicon chips were used to
enhance signal intensity in DNA microarrays [178]. Such nanopillar arrays exhibited
increased probe immobilization capacity, enhanced target accessibility and reduced
background noise. Thus, the search for the right polymer materials to obtain
high-aspect ratio nanopillars would be of immense interest to researchers in DNA
microarrays.
5.2.2 Integration of electronic components with flexible substrate for
bio- study
For the biomedical applications, electric fields have been shown to direct and
enhance nerve growth both in vitro [179] and in vivo [180]. The combination of
various nerve guidance cues such as topological, chemical and electric field may
result in enhanced directed nerve growth. Our polymer nanostructure substrates
provide an attractive platform for this work. However, to combine the polymer
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substrates with electric field, more effort needs to be put into the integration of
electrical circuits with these non-conducting substrates.
5.2.3 Stress study on magnetic nanodiscs on flexible substrates
For the flexible magnetic applications, our study has demonstrated the
fabrication of Co/Pd magnetic nanodisc arrays on the PET substrates. The magnetic
property of the nanodiscs may be affected by tensile or compressive stress imposed by
distortion of the flexible substrates [157, 181]. We have suggested future work (i) on
nanodisc arrays of different sizes to investigate possible role plays by magnetic
domain wall motion and nucleation sites and (ii) to carry out quantitative
measurements of stress on our samples.
As single domain magnetic dots are desirable as bit patterned magnetic
media [133], future studies may explore the fabrication of smaller nanodisc with
single magnetic domain on polymer substrates. For magnetic memory application,
more efforts need to be put into the reading and writing of the magnetic beads on the
flexible substrate. With the integration of reading and writing, a flexible memory
device then could be possibly created.
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Appendix 1 Experimental Techniques
Section 1 Spin Coating
For the spin coating process, developer soluble anti-reflection coating (ARC,
Wide-8C), Ultra-i 123 positive resist and TSMR-iN-032 negative resist were used in
this study. Prior to the spinning process, a few droplets of the chemical were applied
to the surface of the substrate until it was sufficient to cover 80% of the surface area.
Different spin speeds and durations were applied for different chemical used.
The resulted thickness depended on the spin speed and adhesion between substrate
and applied chemical. The ARC was spin-coated at 3000 rpm on to a plastic film. The
film was then baked on a hot plate at 100°C for 30 seconds. This would drive away
residual solvent and release the stress in the film. Subsequently, the film was baked
at 168°C for 1 minute to crosslink the polymer giving appropriate solubility and
optical properties to reduce reflection during lithography exposure. After baking, the
thickness of ARC was measured to be around 70nm by SEM.
The TSMR-i032 negative photoresist was spin-coated on top of the ARC layer
at 6000 rpm. The film was then baked on a hot plate at 90°C for 90 seconds. The
thickness of photoresist was measured to be around 260nm. The Ultra-I 123 was
spin-coated at 800 rpm followed by a baking process at 110°C for 90 seconds. The
resulted thickness of the photoresist was approximately 650nm. The baking process
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was to evaporate off excess solvent within the photo-resist and improved the adhesion
of photo-resist to the sample.
Section 2 Thermal Evaporation
In the thermal evaporation process, the material is heated until fusion by
means of a large electrical current passing through a metal plate made of tungsten (W)
where the material is placed. The evaporated metal vapor travels in the vacuum
chamber (~10-6 Torr) and then condensed on the substrate. This technique is simple
and appropriate for depositing metals and some compounds with low fusion
temperature (Al, Ag, and Au etc.). A scheme of the deposition equipment used in the
laboratory is shown in Figure A1S2.1.
In this study, thermal evaporation was used to deposit a thin layer of metal (Al
or Au) on sample surface. The deposited metal layer was used as etching mask,
conducting coating on polymer substrates for SEM examination and base layer on
polymer substrate for magnetic dots.
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Figure A1S2.1 Schematic diagram of a thermal evaporator.
Section 3 DC Magnetron Sputtering Deposition
For the deposition of cobalt (Co) and palladium (Pd), a hybrid deposition
system ATC 2200-HY UHV from AJA International, Inc. was used to perform DC
magnetron sputtering deposition. The system was equipped with six magnetron
sputtering targets which allow the deposition of a wide range of materials without
breaking the vacuum. The six targets were arranged in a specific circular pattern at the
bottom of the chamber aiming at a common focal point on top. The samples were
pasted onto a sample holder which was placed in the vicinity of the focal point and
rotated around a central axis at 100 rad/min to ensure uniformity in the film
deposition, as illustrated in Figure A1S3.1. The base pressure of the chamber was
better than 2×10-8 Torr. Alternating deposition of Co and Pd multilayers were
controlled using a build-in LabVIEW program from AJA to ensure consistent
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repeatable layer thickness in all depositions. The pressure was fixed at 3 mTorr for all
the depositions.
Figure A1S3.1 Schematic diagram of thin film deposition using AJA
Section 4 Lift-off
Lift-off is performed to fabricate the Co/Pd nanodots. After the patterning was
done on the photoresist by using laser interference lithography, Co/Pd multilayers
were deposited by DC magnetron sputtering on top of the photoresist. Lift-off was
done by immersing the sample in NMD-03 developer solution at room temperature in
an ultrasonic bath. The ARC got dissolved in the developer and lift off the photoresist
and metal deposited on the ARC photoresist stack. Metal deposited inside the holes
were left to form the nanodots. The sample was then washed with deionized water in
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ultrasonic bath and then blown dry with nitrogen gun. An illustration of lift-off
process is shown in Figure A1S4.1.
Based on practical experience, the maximum metal film that is able to be
thoroughly lifted off is around one third of the photoresist thickness. In this work, the
Co/Pd multilayer was 19nm thick and the thickness of the ARC photoresist stack was
approximately 300nm. Thus, Co/Pd multilayer film was successfully lifted off.
Figure A1S4.1 Schematic diagrams depicting the lift-off process carried out in this
study.
Section 5 Plasma Etching
O2 plasma was used for pattern transfer from the photoresist into the plastic
substrate. A plasma enhanced chemical vapor deposition (PECVD) machine
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(SAMCO PD2400) was used for the generation of O2 plasma. The RF power,
processing pressure and etching duration determines the final etching profile. The
parameters were optimized and more details are discussed in Chapter 2.
The PECVD machine or radio frequencies sputtering system (ANELVA
SPF-21OH) were used for sputter etching. In a sputter etching, ions were guided by an
electric field to bombard the substrate surface causing physical etching. In the
PECVD machine, there is a 200V DC bias across the top and bottom electrodes of the
PECVD machine. Ions were directed by this bias to etch the substrate vertically. In
the ANELVA sputterer, the DC bias across the electrodes is 1KV. The chamber
pressure and plasma power were fixed at 0.5 Torr and 50 W. The sputtering process
was broken up into cycles of 30s and the substrate was allowed to cool down for 90s
after each cycle. The pressure, plasma power and etching cycles were carefully
chosen to avoid over heating of the plastic substrate. The ion bombardments heat up
the substrate, over heating causes the burning or curling of the plastic. In the worst
case, the substrate would completely melt on the electrode.
Section 6 Poly(dimethylsiloxanes) Preparation
Poly(dimethylsiloxanes) (PDMS) was used in this study to replicate
nanostructures from a Si master. The PDMS replica was then used to fabricate
Polyimide nanostructures. PDMS has a unique combination of properties resulting
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from the presence of an inorganic siloxane backbone and organic methyl groups
attached to silicon [182]. Its glass transition temperature is very low and appears in
liquid form at room temperature. But it can also be very easily converted into solid
elastomer by crosslinking. Prepolymers and curing agents are commercially available,
and the PDMS used in this study was Sylgard® 184 Silicone Elastomer Kit. It came
in two parts, the liquid silicon rubber base and curing agent. The technique used to
prepare PDMS structures was cast molding [183]. The Si master was first silanized by
exposure to the vapor of anti-sticking agent, (Tridecafluoro-1,1,2,2-Tetrahydrooctyl)
Trichlorosilane, for about 6 hours. The pre-polymer and curing agent were mixed with
a ratio of 10:1. After degassing, the PDMS was poured onto the silicon substrate and
then baked at 70°C for 3 hours for cross-link to take place. The hardened PDMS
was peeled off from the master after cooling. Figure A1S6.1 is the SEM image of the
PDMS nanogrooves.
.
Figure A1S6.1 SEM picture of PDMS nanogrooves
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Section 7 Scanning Electron Microscopy
Scanning Electron Microscopy uses electrons generated from a thermionic or
field-emission cathode to scan sample surface for imaging purpose. Electrons are
accelerated through a voltage difference between cathode and anode (from as low as
0.1 keV to as high as 30 keV) towards the sample surface. The smallest beam size at
the virtual source with a diameter in the order of 10 ~ 50 μm for thermionic emission,
and a diameter of 10 ~ 100 nm for field emission guns, is de-magnified by a two or
three stage electron lens system so that an electron probe of diameter 1 ~ 10 nm is
formed at the specimen surface. Figure A1S7.1 shows a typical SEM system
configuration. [184]
Figure A1S7.1 Schematic diagram of a typical SEM system [184]
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Primary electrons that are striking the sample generate secondary electrons
(SE), backscattered electrons (BSE) and Auger electrons (AE). SE and BSE are
usually collected, amplified and detected with a scintillator-photomultiplier detector.
Scanning electron microscopy (SEM) and Auger spectrometers use similar primary
electron columns. In fact, SEM capabilities are usually incorporated into an Auger
instrument. Separated detectors are required for secondary and backscattered electrons.
To produce images, these electron signals are measured as a function of primary beam
position while the beam is scanned in a raster pattern over the sample.
Interaction of the primary beam with the sample creates an excitation volume,
in which electrons are scattered through elastic and inelastic scattering. Electrons in
elastic collisions that are losing only a small fraction of their original energy, but
undergo large-angle deflection are known as BSE (backscattered electrons).
Inelastically scattered electrons that lose much of their original energy and those with
energy less than 50 eV are known as SE (secondary electrons). SE provides
information on surface topography, and it is also used in voltage contrast imaging.
BSE on the other hand, provides information on topography and material, while AE
provides information on the chemical composition of thin film and it is usually used
in surface analysis. The SEM resolution depends on the smallest electron probe spot
achievable, while the signal-to-noise ratio is determined by the electron probe current,
which decreases with probe spot size. Therefore, electron optics in SEM are designed
to achieve the smallest electron spot with maximum current.
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The SEM analysis in this work was performed using Philips XL30 and FEI
NovaTM NanoSEM 230. The Samples were fixed on a metal specimen stub using
carbon tape. The stub was connected to ground to prevent accumulation of
electrostatic charge at sample surface. This is necessary as charged surface repels
the incident beam electrons, and causes image artifacts especially in SE imaging
mode. For conducting samples such as Si, an accelerating voltage of 10 kV was used,
while for non-conducting samples including all polymer samples used in this work, 5
kV was used and a thin metal layer (10~20nm) was deposited on sample surface.
The metal coated surface will then be connected to the specimen stub using carbon
tape to create a conducting path.
Section 8 Atomic Force Microscopy
Atomic force microscopy (AFM) is a high-resolution scanning probe
microscopy with resolution on the order fractions of nanometer had been
demonstrated. It is one of the most frequently used tools for imaging, measuring, and
manipulating matters at nanoscale. Figure A1S8.1 shows a schematic illustration of
AFM system configuration [185]. It consists of a cantilever with a sharp tip at its end
which acts as a mechanical probe that feels the sample surface. The cantilever is
typically silicon or silicon nitride with a tip radius of curvature on the order of
nanometers. When the tip was brought into close proximity of a sample surface,
forces between the tip and the sample lead to a deflection of the cantilever according
147
to Hooke's law [186]. The amount of deflection was measured by a laser pointed at
the cantilever. The laser reflected from the cantilever was measured by a split
photo-detector. By monitoring the deflection of cantilever while scanning the tip
across the surface, the surface topography was recorded.
Figure A1S8.1 Schematic diagram of the a AFM system [185]
AFM operates by measuring attractive or repulsive forces between a tip and
the sample [187]. Two main modes of AFM operation are the contact mode and
tapping mode. In our study, tapping mode is used. The cantilever was driven to
oscillation at near its resonance frequency by a piezoelectric element in the AFM tip
holder. The oscillation amplitude decreased as the tip moved close to the surface. The
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height of the cantilever above the sample was then controlled by an electronic servo to
maintain a fixed oscillation amplitude as the cantilever was scanned across the sample.
The force of the intermittent contacts between the tip and the sample surface provided
information about the surface topology [188].
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Appendix 2 Techniques of Cell Study for MicroRNA Studies
Section 1 ChemoMetec Measurements of Cells on Different
Substrates
In these experiments, we compares cells attached on 96 well plates and PET
substrate with a population study. In the ChemoMetec quantification experiments, we
seeded 5K cells in each well in 96 well plate and on each of the substrates. During the
cell culture period, the cells were subjected to repeated medium changing and before
the final tryisinization, cells were washed repeatedly by PBS and trypsin. Less firmly
attached cells would be washed away thus contributing to a lower cell density. In our
ChemoMetec measurements, we found a cell count around 2000 obtained from 5
image acquisitions, proving that the cell density is almost the same. Thus from a
mechanical point of view, cells seeded on different surfaces are equally resistant to
shear force of liquid flow and attached equally.
Section 2 Cell Mortality Study
(a) Cell Growth Assay
PET substrates were fabricated, sterilized and placed into 96 well plates.
Poly-D-Lysine was coated on the substrate prior to cell seeding. 13K PC12 cells were
seeded on PET substrates and were cultured with cells were grown in DMEM (Sigma,
St. Louis, MO) supplemented with 5% Horse Serum (HS, Hyclone, Logan, UT), 10%
heat-inactivated fetal bovine serum (FBS; Sigma).
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The images for cell growth are shown in Figure S2.1. Note the marks on the
PET substrate were intentionally scratched on the backside of the substrate for
positioning for image acquisition, so the same image field was captured over the
course of cell culture. Images were sharpened with imageJ and cells were counted
with cell counter tool in Figure A2S2.1B and Figure A2S2.1D. We found that on Day
1, 146 cells were counted in the image field, on Day 3, 339 cells were counted in the
same image field. The same significant increase of cell numbers of PC12 seeded on
flat PET substrate was also observed (Figure A2S2.1E and A2S2.1F). The increase in
cell number was significant and showed cells were viable and growing on PET
substrate.
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Figure A2S2.1 (A) PC12 cells at 24 hours after seeding on grooved PET substrate, (B)
magnified view of (A), (C) PC12 cells at 72 hours after seeding on grooved PET
substrate, (D) magnified view of (C), (E) PC12 at 24 hours on flat PET substrate after
seeding and (F) PC12 cells on flat PET substrate 72 hours after seeding.
(b) Cell Sorting and Quantitative Analysis
PC12 cells were cultured on 96 well plates, on flat PET substrates as well as
on PET substrates with nanogrooves. The viability assay was carried out with the
following steps:
 PC12 cells grown on PET substrates and on 96 well plates were washed with
PBS twice and subsequently with trypsin twice.
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 PC12 cells were then treated with 100 uL of trypsin, the substrates and plates
were placed in a 37℃ incubator for 10 minutes.
 All the tubes and plates were taken out and trypsinization were terminated
with adding in equal volume of DMEM with 10%FBS and 5%HS.
 PC12 cells were transferred to Eppendorf tubes after pipette up and down for
20 times.
 Cells were then centrifuged at 500g for 5 minutes, the supernatant was
discarded.
 Cell pallets were re-suspended and stained in 40 uL PBS containing 10ug/ml
PI stain and 10ug/ml Hoechst Stain for 5 minutes at 37C. Dead cell control
was re-suspended with 40 uL PBS containing 1% NP40, 1% SDS, 10ug/ml PI
stain and 10ug/ml Hoechst Stain for 5 minutes at 37℃.
 After incubation, cells were re-suspended and 10.5 uL of cell suspension were
injected into Chemometec NucleoView 3000 cassette for subsequent
measurement and analysis. 2000 cells were counted for each sample, multiple
images were acquired for each sample to reduce variation, and the number of
images needed to reach 2000 cells is inversely related to cell density.
Cells treated with 1% SDS and NP40 will be porated, simulating cells
undergoing cell death. PI stain will selectively stain porated cells. Thus this group of
cells were chosen to set the appropriate gating condition. The results are shown in
Figure A2S2.2. The PI Intensity was chosen for distinguish dead and live cells.
Subsequently, the same intensity threshold were applied to all other samples.
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Figure A2S2.2 Cell death control, left: defining the cells for analysis, middle: PI
intensity vs. Hoechst intensity and right: PI intensity histogram.
Cells grown on 96 well plates were used as a control for cells growing under
normal conditions subjected to the same treatment. The live-dead cells were analysed
based on 2000 cells. A total of 6 biological replicates were measured, a representative
sample measurement is shown in Figure A2S2.3. In this sample, 1.9% of cells were
stained PI positive according to the gating set up above.
Figure A2S2.3 96 well plate control, left: defining the cells for analysis, middle: PI
intensity vs. Hoechst intensity and right: PI intensity histogram.
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Cells grown on flat PET were used as a control for cells growing on
transparency without nanostructures. The live-dead cells were analysed based on 2000
cells. A total of 6 biological replicates were measured, a representative sample
measurement is shown Figure A2S2.4. In this sample, 1.3% of cells were stained PI
positive according to the gating set up above.
Figure A2S2.4 Flat PET transparency, left: defining the cells for analysis, middle: PI
intensity vs. Hoechst intensity and right: PI intensity histogram.
Cells grown on nanogrooved PET were tested with the same procedure. A
total of 6 biological replicates were measured, a representative sample measurement is
shown Figure A2S2.5. In this sample, 1.6% of cells were stained PI positive
according to the gating set up above.
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Figure A2S2.5 Nanogrooved PET transparency, left: defining the cells for analysis,
middle: PI intensity vs. Hoechst intensity and right: PI intensity histogram.
It is obvious that for cells on 96 well plates, cells on grooved substrates and
cell on flat substrates, the PI and Hoechst distribution is marked different from that of
porated cells. As shown in Figure A2S2.6, among three groups, the cell densities were
similar since each analysis require about 5 images to be taken, which indicates cell
density to be similar in 96 well plate, flat PET as well as grooved PET. We analysed
PI negative stain percentage, which was aggregated from 6 biological replicates for
each surface. The PI negative percentage does not vary significantly from different
surfaces (P>0.05). The results were obtained on the 3rd day after cells seeding, we
have done a same experiment on day 1, and the results were similar and also indicated
no difference between different surfaces. We conclude that different surfaces has no
effect on cell viability. In addition, we showed that cell viability on PET substrate is
not a big issue, using flow cytometry to sort out dead cells before experiment is
unnecessary, as the dead cell percentage is generally rather low, and for qPCR, only a
change above 2 folds is considered significant, the apoptotic cell percentage around
156
2-3 percent is extremely unlikely to produce a greater-than-2 folds change shown in
total population.
Figure A2S2.6 PI negative stain percentage among cells grown on different surfaces.
No significant difference were observed.
Section 3 Prediction of Downstream Targets and Tested miRNAs
We have used multiple database to predict the downstream targets of miRNAs.
The expressions of the various mRNA targets of miR-124, miR-221 or miR-222 are
listed in Tables A2S3.1 and A2S3.2. However, we found that the prediction results
varied considerably between different databases. Figure S3.1 shows the prediction of
miR-221 targets with TargetScan and miRDB, with less than 50% overlapping of
prediction results.
157
itgb1 Bace1 Rac1 Ahr Cdk7 GR p53 Tfap4
Egr1 Cdc42 Rest Amid Crim1 Hes1 p73 Vamp3










LAMC1 Sema3a Casp3 Gabbr1 Lrp6 Shh
CEBP
a
ptbp1 SLC16A1 Casp7 Gli1 NeuroD1 Sox2
Table A2S3.1 miR-124 targets tested.
Apaf1 STAT2 Eif5a2 LASS2 Plxnd1
Eralpha TIMP3 Exoc8 Mmp2 Rgs10
Foxo3a Axin 2 Fancd2 Mmp9 Synapsin
I
PTEN Bax Fcgr3a Msh2 Trpc3
PUMA Bcl-2 Hap1 Otx2 Trps1
STAT1 CX43 Insm1 Phf2 Usp39
Table A2S3.2 miR-221 or miR-222 targets tested.
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Figure A2S3.1 Prediction of miR-221 targets with TargetScan and miRDB.
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